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Summary 
Aging is characterized as a progressive deterioration in organismal vitality along with time and 
becomes a major risk factor for occurrence of age-associated diseases. Dietary restriction (DR), the 
restriction of nutrients without malnutrition, has been shown to extend lifespan in a wide variety of 
species (Fontana et al. 2010). In C. elegans, a broad range of DR regimens have been proposed and 
they all extend lifespan to various degrees by separate or partially overlapping molecular pathways 
(Greer & Brunet 2009). Axenically cultured worms share many characteristic traits with worms 
subjected to other DR methods and hence the term axenic dietary restriction (ADR) is often applied 
(Vanfleteren & Braeckman 1999). Although the C. elegans lifespan is doubled under ADR, the 
underlying molecular mechanisms still remain enigmatic. Probably, this mechanism is distinct from 
that of most other DR regimens, as was recently shown in a genetic screen (Castelein et al. 2014a). 
Our previous findings suggest that increased stress resistance and enhanced mitochondrial function 
may play a vital role in ADR-induced longevity (Houthoofd et al. 2002; Castelein et al. 2008; Castelein 
et al. 2014b). 
Earlier, we established that ADR-mediated longevity is independent of Ins/IGF signaling and eat-2 
(Houthoofd et al. 2002). The only gene reported to be indispensable for the ADR lifespan effect is 
cbp-1, encoding the worm ortholog of p300/ CBP (CREB-binding protein) (Zhang et al. 2009), which 
we also confirmed in this study. In chapter 2, in an attempt to identify more genes involved in ADR-
mediated longevity, we tested several candidate genes known to regulate lifespan extension in other 
DR regimens. We found that cup-4 is equally important as cbp-1 in ADR-mediated longevity and we 
identified some genes that may partially contribute to ADR-induced longevity, but are not required 
for the full lifespan effect.  
In chapter 3, we set out to further characterize the tissue-specific role of CBP-1 in ADR-induced 
longevity. Due to embryonic lethality of cbp-1 loss-of-function alleles, the details of CBP-1 in 
regulating longevity are unknown. Here, we combined tissue-specific RNAi and behavioral studies to 
demonstrate that CBP-1 functions in neurons, intestine and germline to regulate longevity in fully-
fed conditions. We found that neuronal CBP-1 is required for ADR-induced longevity. Particularly, 
GABAergic neurons play important role in the CBP-1-dependent ADR longevity. In addition, our 
chemotaxis assays illustrated that both systemic and neuronal inactivation of CBP-1 affect animals' 
foraging or food sensing behavior. Although it is not yet clear how CBP-1 functions in neurons to 
influence longevity, probably through sensory perception and neuroendocrinal signaling, our results 
provide new insights into further understanding of CBP-1 action in ADR-induced longevity. 
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In chapter 4, we tried to test the hypothesis that mitochondria play a key role in ADR-induced 
longevity. We first found culturing worms in axenic medium could induce the mitochondrial 
unfolded protein response (UPRmt). Based on this observation, we did a serial experiment and switch 
approach to clearly uncouple UPRmt and ADR-induced longevity, which provide solid evidence that 
ADR treatment specifically induces an UPRmt response in C. elegans but this induction is not required 
for the ADR-mediated longevity. In the second part, we also showed that ROS-mediated 
mitohormesis is probably not involved in this longevity phenotype. Besides, mitophagy seems not to 
be involved as well. 
In chapter 5, we performed RNAseq analysis to uncover genes differentially expressed in axenically 
cultured worms, compared to those of standard culture condition. We found that improved 
lysosomal activity but decreased proteasomal activity is a typical feature for ADR worms. In addition, 
genes in muscle structure and function are enriched in ADR worms as well, which is an indication of 
preservation of muscle integrity with age. Besides, we also found an enrichment of genes in amino 
acid metabolism in ADR worms, suggesting a high rate of utilization of amino acid and protein 
catabolism. Furthermore, a list of neuropeptide genes was detected by our transcriptomic analysis 
and provides additional support to our hypothesis that neuroendocrinal signaling might underlie the 
ADR-induced longevity, as seen in chapter 3. 
Therefore, continuing the CBP-1 lead in chapter 3, we performed a targeted candidate gene screen 
of possible neuroendocrinal signaling in chapter 6, including each type of neurotransmitters and 
proprotein convertases (KPC-1, BLI-4, EGL-3 and AEX-5). Unexpectedly, we obtained an exciting 
result on bli-4, of which both knockdown by RNAi and mutation could abolish the lifespan extension 
effect by ADR. To our knowledge, it would be the first gene linking neuroendocrinal signaling and 
ADR-induced longevity. Further work is demanded to elaborate the whole mechanism, like in which 
neurons bli-4 functions, which neuropeptides are responsible and how they are regulated (discussed 
in chapter 7). 
In conclusion, this thesis provides a general description of our findings on the molecular basis of 
ADR-induced longevity and physiological changes in axenically cultured worms, with special 
attention to the role of mitochondria and neuroendocrinal signaling. 
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Samenvatting 
Veroudering wordt gekarakteriseerd door een progressieve aftakeling van de vitaliteit van een 
organisme doorheen de tijd en het vormt een belangrijke risicofactor voor het optreden van 
verouderings-gerelateerde ziekten. Dietaire restrictie (DR), de restrictie van nutrienten zonder 
ondervoeding, verlengt de levensduur in een brede waaier aan diersoorten (Fontana et al. 2010). In 
C. elegans zijn diverse DR regimes voorgesteld die allen de levensduur verlengen in verschillende 
mate en opereren via gescheiden of onderling deels overlappende signaaltransductiewegen (Greer 
& Brunet 2009). Axenisch gegroeide wormen delen veel karakteristieke eigenschappen met wormen 
die onderworpen worden aan andere DR methoden. Omwille hiervan wordt veelal de term 
axenische dietaire restrictie (ADR) gebruikt (Vanfleteren & Braeckman 1999).  Hoewel de levensduur 
van ADR-gekweekte wormen verdubbeld is, is het onderliggende moleculaire mechanisme nog 
steeds onbekend. Mogelijk verschilt dit mechanisme van dat van de meeste andere DR regimes, 
zoals blijkt uit een recente studie (Castelein et al. 2014a). Onze eerdere bevindingen suggereren dat 
verhoogde stressresistentie en verbeterde mitochondriale functie mogelijk een cruciale rol spelen in 
ADR-geinduceerde levensduurverlenging (Houthoofd et al. 2002; Castelein et al. 2008; Castelein et al. 
2104b). 
Eerder vonden we dat ADR-gemedieerde levensduurverlenging onafhankelijk is van Ins/IGF1 
signalisatie en eat-2 mutatie (Houthoofd et al. 2002). Het enige gerapporteerde gen dat absoluut 
noodzakelijk is voor het ADR levensduureffect is cbp-1, wat codeert voor het wormortholoog van 
p300/CBP (CREB binding protein) (Zhang et al. 2009), hetgeen we ook bevestigden in onze studie.  In 
een poging om meer genen te identificeren die een rol spelen in ADR-gemedieerde 
levensduurverlenging testten we in hoofdstuk 2 verschillende kandidaatgenen waarvan geweten is 
dat ze verantwoordelijk zijn voor de levensduurverlenging bij andere DR regimes. We vonden dat 
cup-4 even belangrijk is als cbp-1 voor ADR-gemedieerde levensduurverlenging.  Ook vonden we 
enkele genen die deels toedragen aan het ADR-levensduureffect. 
In hoofdstuk 3 wordt de rol van CBP-1 in ADR-gemedieerde levensduurverlenging gekarakteriseerd 
op het niveau van de weefsels. Omdat cbp-1 functieverliesmutaties resulteren in embryoletaliteit 
zijn de details over hoe CBP-1 levensduur beinvloedt nog niet gekend.  In deze studie voerden we 
weefselspecifieke RNAi experimenten en gedragsstudies uit die toonden dat, onder weldoorvoede 
conditites, CBP-1 de levensduur beinvloedt vanuit de neuronen, darm en kiemcellijn.  We vonden 
tevens dat CBP-1 in de neuronen noodzakelijk is voor de ADR-gemedieerde levensduurverlenging, 
meer bepaald de GABAerge neuronen.  Daarenboven toonden onze chemotaxisexperimenten dat 
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systemische en neuronale inactivatie van CBP-1 het fourageergedrag en de voesdelwaarneming bij 
de wormen inhibeerde.  Hoewel het nog niet duidelijk is hoe neuronaal CBP-1 de levensduur 
beinvloedt, mogelijk via sensorische perceptie en neuroendocriene signalen, dragen onze resultaten 
reeds bij aan een beter begrip van de moleculaire mechanismen die ten grondslag liggen aan de 
levensduurverlenging door ADR. 
In hoofdstuk 4 testten we de hypothese dat de mitochondria een sleutelrol spelen in de 
levensduurverlenging via ADR.  Vooreerst vonden we dat het kweken van wormen in axenisch milieu 
de mitochondriale unfolded protein response (UPRmt) veroorzaakt.  Vertrekkend van deze observatie 
voerden we een longitudinaal experiment uit met omschakelingen tussen de voedingsmedia.  
Hiermee konden we de inductie van de UPRmt en de levensduurverlenging ontkoppelen, hetgeen 
duidelijk aantoonde dat UPRmt kan worden geinduceerd door axenisch medium maar dat deze 
inductie niet noodzakelijk is voor de geobserveerde levensduurverlenging.  In een tweede deel 
toonden we ook aan dat deze levensduurverlenging wellicht ook onafhankelijk is van ROS-
gemedieerde mitohormese en mitofagie. 
In hoofdstuk 5 voerden we een RNAseq analyse uit om differentieel geëxprimeerde genen te 
ontdekken in axenisch gekweekte wormen ten opzichte van weldoorvoede wormen.  We vonden dat 
versterkte lysosomale maar verminderde proteasomale activiteit een kenmerk is voor axenisch 
gekweekte wormen. Ook spierstructuur en –functie is verbeterd in ADR-wormen wat kan wijzen op 
een betere bewaring van spierintegriteit in verouderende wormen.  In ADR-behandelde wormen 
vonden we eveneens een aanrijking van genen betrokken bij aminozuurmetabolisme, wat een hoog 
gebruik aan aminozuren en eiwitkatabolisme doet vermoeden.  Onze transcriptoomdata genereerde 
ook een lijst van opgereguleerde neuropeptiden wat mogelijk wijst op neuroendocriene regulatie 
van de levensduurverlenging door ADR, zoals reeds gesteld in hoofdstuk 3. 
Omwille hiervan, en in opvolging van de CBP-1 studie uit hoofdstuk 3, voerden we in hoofdstuk 6 
een levensduurscreen uit op kandidaatgenen die een rol spelen in neuroendocriene signalisatie, 
zoals genen betrokken bij neurotransmittersynthese en –vrijstelling alsook proproteineconvertasen 
(KPC-1, BLI-4, EGL-3 en AEX-5).  Onverwacht kregen we een positieve hit bij bli-4, waarvan zowel 
RNAi neerregulatie als mutatie leidde tot het wegvallen van de levensduurverlenging in axenisch 
medium.  Voor zover ons bekend is dit het eerste gen dat neuroendocriene signalen linkt aan ADR-
levensduurverlenging.  Meer werk zal nodig zijn om het hele signalisatiemechanisme te ontrafelen, 
zoals de zoektocht in welke neuronen BLI-4 actief is, welke neuropeptiden betrokken zijn en hoe ze 
worden gereguleerd (bediscussieerd in hoofdstuk 7). 
 vii 
Tot besluit kunnen we stellen dat deze thesis een algemene beschrijving verschaft van onze 
bevindingen omtrent de moleculaire basis en fysiologische veranderingen die plaatsvinden in 
axenische wormen, met speciale aandacht voor de rol van mitochondria en neuroendocriene 
signalisatie. 
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Chapter 1: General introduction and outline of 
the thesis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Research worldwide in Biology 
of Aging is not aiming to extend 
life expectance in humans, but 
tries to understand the 
biological process of aging, and 
eventually using this knowledge 
to create interventions (dietary 
and pharmaceutical) to extend 
healthy life. 
General Introduction 
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1.1 Aging 
1.1.1 Definition of aging 
In common language, aging simply refers to the process of becoming older. It occurs in a broad 
range of species across kingdoms, including human beings, animals, plants and other organisms, 
even from single cells within an organism (cellular aging) to the population level of a species 
(population aging) (Lopez-Otin et al. 2013). Scientifically, aging is a deleterious and complex 
biological process characterized by the progressive decline of cellular and organismal homeostasis 
amid constantly increasing level of atrophy (Kirkwood 2008). It represents the primary risk factor for 
most human age-related diseases, including diabetes, cancer, cardiovascular diseases and 
neurodegenerative diseases such as Parkinson disease (Kenyon 2010; Lopez-Otin et al. 2013). 
The causes of aging are unknown; current theories are assigned to the damage concept, whereby 
the accumulation of externally induced damage (such as DNA point mutations) may cause biological 
systems to fail, or to the programmed aging concept, whereby internal processes (such as DNA 
telomere shortening, disruption of protein homeostasis) may cause aging (Hughes & Reynolds 2005). 
1.1.2 Evolutionary theories of aging (why do we age) 
Evolutionary theories of aging are based on the observation that the efficacy of natural selection 
decreases with age and try to explain remarkable differences in observed aging rates and longevity 
records across various species. The evolutionary theory of why do we age also provides clues to the 
mechanistic theory of how we age (Martin et al. 2007). Aging is thought to have evolved as the 
result of optimizing fitness early in life, and the progressive accumulation of mutations with effects 
only late in life. Longevity of a species is therefore determined by the risk of extrinsic mortality 
(death caused by environmental factors such as predation, disease or accidents). There are major 
evolutionary theories of aging: 1) the mutation accumulation theory of aging (Peter Medawar, 1946, 
1952); 2) the antagonistic pleiotropy theory of aging (George Williams, 1957) and the disposable 
soma theory (Kirkwood and Holliday, 1979) will also be briefly described. These theories are not 
ultimately complete theories and not mutually exclusive, but they provide a set of ideas for future 
elaboration and investigation, which may all become a part of a future unifying theory of aging 
(Kirkwood & Holliday 1979; Gavrilov & Gavrilova 2001; Gavrilov & Gavrilova 2002). 
The mutation accumulation theory considers aging as an inevitable result of the declining force of 
natural selection with age and genes with negative effects at old age accumulate passively 
throughout evolution. For example, deleterious mutations expressed at young age are severely 
  Chapter 1 
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selected against (will not be passed to the next generation) due to their highly negative impact on 
fitness (like progeria), while a lethal mutation with effects over the age of 80 will experience no 
selection because people with such mutation have already passed it to next generation (like 
Alzheimer's disease). These mutations should not be confused with somatic mutations, as they refer 
to inherited or constitutional mutations that do not reach some phenotypic level of expression until 
middle age or beyond, when the force of natural selection has become greatly attenuated (Medawar, 
1946, 1952). 
The antagonistic pleiotropy theory states that the traits that benefit early survival and reproduction 
will be favored by selection and preserved, even if they contribute to an earlier death. Genes with 
the antagonistic pleiotropic effect has a double function, demonstrating favorable effects on fitness 
and reproduction at young ages but deleterious ones at old ages like the aging process (Williams 
1957). This would also explain why the autosomal dominant disease, Huntington's disease, can 
persist even though it is inexorably lethal. In addition, some of the genetic variants that increase 
fertility in the young are now known to increase cancer risk in the old, including p53 (Kang et al. 
2009). Another example is replicative cellular senescence, which is known to suppress tumorigenesis 
early in life, but may promote cancer late in life when senescent cells stimulate other premalignant 
and malignant cells to proliferate (Campisi 2001; Campisi et al. 2001; Krtolica et al. 2001). 
A specific case of the antagonistic pleiotropy theory is the disposable soma effect when referring to 
an entire genetic program, in which the organism diverts limited resources from somatic 
maintenance to reproduction (Kirkwood & Holliday 1979; Finch & Holmes 2010). It sometimes links 
to the trade-off between reproduction and longevity predicted by George (1957) and argues that it 
may be selectively advantageous for organisms to attribute more energy for development and 
reproduction, at the cost of somatic maintenance. As a consequence, eventual somatic deterioration 
and death will occur. Studies in model organisms suggest that reproduction and longevity are not 
tightly coupled and lifespan can be increased without negative effects on fitness (Johnson & 
Hutchinson 1993; Gems et al. 1998; Walker 2000; Kenyon 2005; Kenyon 2010; Hansen et al. 2013). 
A detailed analysis of the numerous theories on why we age is beyond the scope of this thesis. Many 
of these theories are discussed in (Austad 1997). 
1.1.3 Mechanistic theories of aging (how does aging occur) 
In order to explain how we age, an estimated number of over 100 theories have been proposed 
based on genetic and physiological studies (Hughes & Reynolds 2005; Liochev 2013; Gladyshev 2014). 
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Recent discoveries have focused attention on only a handful of them and thus here we will describe 
a few major and popular theories. 
1.1.3.1 Free radical (oxidative stress) theory of aging 
Free radicals, or more specifically reactive oxygen species (ROS), cause cellular damage and 
accelerate the aging process (Harman 1956; Harman 1972). ROS generation mainly occurs in the 
mitochondria, where more than 90% of the oxygen used by cells is consumed. Due to inherent 
imperfections, about 0.1-2% of the electrons of the electron transport chain leak to molecular 
oxygen which results in the production of superoxide radicals (O2
∙-) (Han et al. 2001; Back et al. 
2012a). O2
∙- itself is toxic, especially through inactivation of proteins with an iron-sulfur centre, and it 
interacts with nitric oxide to form peroxynitrite, which may damage cells by promoting membrane 
lipid peroxidation and nitration of proteins. O2
∙- and hydrogen peroxide (H2O2, another ROS) cause 
the production of hydroxyl radicals (OH−), which damage proteins, lipids, and DNA (Calleja et al. 1993; 
Back et al. 2012a). 
The cell has an elaborated antioxidant system to mitigate deleterious effects of ROS. The discovery 
of superoxide dismutase (SOD), an enzyme that detoxifies ROS, further strengthened the field 
(McCord & Fridovich 1969). Based on the fact that ROS could be harmful, the imbalance of ROS 
production and detoxification caused by the declined antioxidant capacity of the cells may 
contribute to the progressive damage, eventually leading to aging (Sohal & Weindruch 1996). An 
important weakness is the lack of validation, so far, by in vivo direct measurement of unstable ROS 
production (superoxide and hydrogen peroxide) due to limited available methods. Recently 
developed GFP-tagged ROS sensors, like Hyper and Orp1-ro GFP2 have been used to study in vivo 
ROS effects on organismal physiology and aging (Meyer & Dick 2010; Back et al. 2012a). Further 
research is necessary to develop new approaches and closely investigate the theory (Lukyanov & 
Belousov 2014). 
Based on the free radical theory of aging, dietary supplements of antioxidants were previously 
reported to have positive effects on longevity (Melov et al. 2000; Brown et al. 2006; Kampkotter et 
al. 2008), while other studies reported more controversial results (Kaeberlein et al. 1999; Larsen & 
Clarke 2002; Keaney et al. 2004; Bass et al. 2007). 
The relationship between oxidative stress and longevity has been argued about and more recent 
views state that ROS might serve as a signaling molecule in a cell rather than a damaging agent 
(Gems & Riddle 2000; Gems & Partridge 2008; Ristow & Schmeisser 2011; Van Raamsdonk & Hekimi 
2012; Gems & de la Guardia 2013). In support of this, recent findings have indicated that the lifespan 
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of a C. elegans mutant lacking all of its SODs and especially mitochondrial SODs is unchanged (Van 
Raamsdonk & Hekimi 2012) and supplementation with antioxidants does not extend lifespan, but 
shortens lifespan at higher doses (Back et al. 2012a). Furthermore, mild oxidative stress could be 
beneficial to organisms, by means of a mitochondrial hormetic response - mitohormesis (Schmeisser 
et al. 2011). Besides, the effect of calorie restriction may be due to increased levels of free radicals 
within the mitochondria, causing a secondary induction of increased antioxidant defense capacity 
(Lapointe & Hekimi 2010). 
1.1.3.2 Molecular damage theory of aging 
The free radical theory of aging posits that aging is caused by accumulation of damage by oxidative 
stress, namely ROS. However, besides oxidative stress, there are many other forms of damage and 
by-products (damage to DNA, proteins and metabolites) due to heterogeneity, infidelity and 
imperfectness of biological systems and processes (Gladyshev 2014) and these damages may 
accumulate during aging. Thus, molecular damage including genetic mutations (damage to the DNA 
sequence) and epimutations (damage to the DNA scaffolding which regulates gene expression), 
causes abnormal gene expression and can lead to diseases such as cancer (Bernstein & Bernstein 
2015). DNA damage is thought to be the common pathway causing both cancer and aging. It has also 
been argued that intrinsic causes of DNA damage are more important drivers of aging (Freitas & de 
Magalhaes 2011; Sinha et al. 2014). In addition, accumulated damage to the protein quality control 
and repair system causes failure of maintenance of functional proteins and removal of unfolded or 
damaged proteins, leading to disruption of proteostasis (Taylor & Dillin 2011). For example, 
autophagy, a cellular degradation process for impaired organelles or misfolded proteins, is required 
for longevity in the mutant daf-2 and in diet-restricted worms (Melendez et al. 2003; Hansen et al. 
2008). It has been unclear, however, what the actual spectrum of damage in the cell is and why a 
balance between damage accumulation and clearance cannot be maintained over time. 
1.1.3.3 Replicative senescence and the telomere theory of cellular aging 
The concept of the Hayflick limit describes the limited replicative cycles of human somatic cells 
(Hayflick & Moorhead 1961). It was revitalized by the demonstration that such cells could be 
essentially “immortalized” via transfected telomerase (Bodnar et al. 1998). The Hayflick limit has 
been found to correlate with the length of the telomere (Blackburn 2001). Telomeres are highly 
evolutionarily conserved specialized DNA-protein complexes at the ends of eukaryotic chromosomes, 
and maintenance of their length plays an essential role in cell viability (Greider & Blackburn 1985; 
Greider & Blackburn 1987; Greider & Blackburn 1989; Greider 1991), indicating that interference 
with normal telomerase function itself could limit cellular lifespan (Yu et al. 1990). It was established 
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that continuing action of telomerase is necessary for replicative immortality of cells (Blackburn 1991). 
This naturally led to the question whether the same progressive process operates to cause human 
aging and limit human lifespan. From our present knowledge, telomere maintenance is linked to 
human aging and a wide range of age-related diseases (Blackburn et al. 2006; Njajou et al. 2009). 
It has been proposed that telomere shortening along with cell division is the molecular clock that 
triggers replicative senescence (Campisi 1997). Later, Campisi and colleagues developed both 
theoretical and experimental lines of evidence consistent with the view that the limited lifespan of 
human somatic cells is responsible for tumor suppression during aging (Campisi 2003). Senescent 
cells accumulate during aging and secrete large amounts of cytokines, mitogens, and enzymes that 
promote inflammation and cancer (Coppe et al. 2010). Hyperactive telomerase in the cancer cells is 
a prominent characteristic of the great majority of most types of malignant human tumors and the 
usage of telomerase inhibitors is proposed to be a treatment for cancer (Feng et al. 1995; Wright & 
Shay 2000). As discussed (Blackburn et al. 2015), telomere dysfunction is a major cause of cell 
senescence, and strategies to enhance telomerase function offer promise for improving healthspan 
(Bernardes de Jesus et al. 2012), although the possibility of increased cancer risk must be addressed. 
Likewise, genetic and pharmacological strategies to target and kill senescent cells enhance both 
lifespan and markers of health in short-lived mice with high levels of senescent cells (Baker et al. 
2011; Zhu et al. 2015). 
In worms, it has been reported that animals with longer telomeres live longer and this is DAF-16 
dependent (Joeng et al. 2004). In contrast, in another study, researchers systemically analyzed the 
telomere length in wild-type and long-lived C. elegans mutants and found that it did not correlate 
with lifespan. Moreover, wild-type and long-lived daf-2 mutants had no difference in telomere 
length (Raices et al. 2005). However, in mice, it was shown that individuals with engineered longer 
telomeres live longer (Tomas-Loba et al. 2008). Even more inspiring was the report on reactivation 
of endogenous telomerase activity in aged telomerase-deficient mice, which resulted in reversal of 
tissues degeneration (Jaskelioff et al. 2011). 
1.1.3.4 The rate-of-living theory of aging 
The rate-of-living theory of aging is stating that lifespan and metabolic rate are inversely correlated 
because a limited vital component is consumed during life, simply defined as 'live fast, die young' 
(Pearl, 1928). It predicts that lifespan extension is linked to low energy metabolism, which in turn 
may be linked to low ROS production rates, low molecular damage and a slow aging rate. However, 
in the past decade, our lab together with others have illustrated that longevity can be uncoupled 
from the metabolic rate. Accumulating evidence has demonstrated that long-lived mutants do not 
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show lower metabolism, while short-lived animals do not show elevated metabolism as well 
(Braeckman et al. 2002a; Braeckman et al. 2002b; Braeckman et al. 2002c; Braeckman et al. 2006). In 
C. elegans, the effects of DR on the longevity in two loss-of-function clk-1 and eat-2 mutants are not 
correlated to reduced metabolic rates, by direct measurement of oxygen consumption, heat and ATP 
production (Braeckman et al. 2002c). Further, studies on the metabolic rates in the long-lived daf-
2(e1370) refuted the rate-of-living theory, and instead, found a shift of energy metabolism, 
apparently towards higher efficiency of ATP production and/or utilization, which might underlie the 
extended lifespan of daf-2 mutant (Brys et al. 2007). 
1.1.3.5 Mitochondrial DNA mutations and aging 
Mitochondria are the main site of reactive oxygen species (ROS) production due to electron leakage. 
These reactive molecules can damage cellular components, such as membranes, proteins and DNA.  
Hence, mitochondria are a prime target for oxidative damage (Schiff et al. 2011). In recent years this 
idea has gained evidence from the discovery of mitochondrial diseases and mtDNA deletions in old 
organisms. In addition, mutations in mtDNA can have a second, more insidious consequence, in that 
they can reduce the accuracy of electron transfer, likely increasing ROS production, which eventually 
may lead to mitochondrial dysfunction (Kujoth & Prolla 2008). Mitochondrial DNA (mtDNA) 
accumulates both base-substitution mutations and deletions with aging in several tissues in 
mammals (Trifunovic 2006). Although these studies do not prove causality, they seem to support the 
hypothesis that mtDNA deletions contribute to aging in mammals. The mitochondrial theory of aging 
proposes that aging is due to the accumulation of unrepaired oxidative damage, in particular 
damage to mitochondrial DNA (mtDNA), as cells with high levels of mutant mtDNA will suffer 
impaired energy metabolism, and eventually a bioenergetic threshold is breached that results in 
mitochondrial dysfunction over time. 
It has been stated that the accumulation of mutations ultimately leads to permanent age-related 
mitochondrial dysfunction, which contributes to the aging phenotype. Because cells contain 
hundreds of mitochondria, and each carrying multiple copies of mtDNA, the contribution of mtDNA 
mutations and deletions to normal aging remains controversial. However, some studies have shown 
that there is no direct connection between increased levels of mtDNA mutations and elevated ROS 
production and this argues against a direct role of oxidative stress in the aging process. But 
increased levels of mitochondrial DNA (mtDNA) mutations and a comprised mitochondrial function 
were correlated to an increasing age in mammals (Bratic et al. 2010; Bratic & Trifunovic 2010). 
In C. elegans, the mitochondrial genome is vital for its metabolism, physiology, and development. 
Several observations suggest that the presence of mtDNA mutations is related to the aging process 
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and oxidative stress. The first deletions in the nematode mitochondrial genome were detected in an 
aging, wild-type population (Melov et al. 1994). Interestingly, the C. elegans age-1 (aging abnormal) 
mutant, which is more resistant to oxidative stress and lives twice as long as the wild type, exhibits a 
small but significantly lower rate of mtDNA deletions (Melov et al. 1995). 
For more information on mechanistic theories of aging, we refer to comprehensive reviews 
(Blackburn 2001; Houthoofd et al. 2002; Speakman 2005; Braeckman & Vanfleteren 2007; Gems & 
de la Guardia 2013). 
1.2 Caenorhabditis elegans as a model organism to study aging 
1.2.1 Introduction to C. elegans 
Why Caenorhabditis elegans? Why has it been so important in biological research? 
The potential value of Rhabditis species for genetic research was pointed out decades ago 
(Dougherty & Calhoun 1948). Caenorhabditis elegans was initially described and named Rhabditis 
elegans by Maupas (1900); it was subsequently placed in the subgenus Caenorhabditis by Osche 
(1952) and then raised to generic status by Dougherty (1955). The name is a blend of Greek and 
Latin (Caeno, recent; rhabditis, rod; elegans, elegant). In his studies, Dougherty recognized the 
potential for using C. elegans in studies of genetics and developmental biology (Dougherty & 
Calhoun 1948; Dougherty 1955), because of ease of culture and maintenance, different reproductive 
patterns (hermaphroditism and sexual), few chromosomes, less than 1000 cells and other 
characteristics. He suggested it to Brenner as a potential model system in the early 1960s. Brenner 
obtained the Bristol strain N2 from Dougherty that was a very important starting point. Virtually all C. 
elegans genetics has been done with this strain (Brenner 1974). The Bristol culture had originally 
been extracted from mushroom compost in England by Staniland and taken to Dougherty's lab by 
Warwick Nicholas (Ferris & Hieb 2015). Thus, Ellsworth C. Dougherty and Sydney Brenner are both 
pioneers in the selection of Caenorhabditis elegans as a model organism for genetics and 
developmental studies. 
With the tremendous work done by Brenner, Sulston, White, Coulson and Horvitz, C. elegans has 
proven to be a powerful model that has served to provide seminal insights into a myriad of biological 
processes including development (Sulston & Horvitz 1977), cancer (Kirienko et al. 2010), aging 
(Kenyon 2010), and even behavioral studies (Bargmann & Horvitz 1991; Bargmann 1993). Brenner, 
Sulston and Horvitz were awarded 2002 Nobel Prize in Physiology and Medicine. This section will 
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provide a brief introduction to C. elegans, including general biology, life cycle, strengths and its 
importance in aging research. 
1.2.1.1 General biology, life cycle and morphology 
C. elegans is a metazoan that resides primarily in temperate soil environments and mainly feeds on 
bacteria and fungi growing on rotting vegetation (Felix & Braendle 2010). These microscopic and 
transparent roundworms are only about 1 mm long as an adult and have a lifespan of about 3 weeks. 
There are six pairs of chromosomes in C. elegans: five pairs of autosomes (chromosomes I, II, III, IV, 
and V) and one pair of sex chromosome (X). It exists either as a hermaphrodite or a male and the 
most common sexual form is the hermaphrodite (less than 0.1~0.2% is male). Hermaphrodites have 
two X chromosomes (XX), while males only have one X chromosome (XO) (Brenner 1974). 
Hermaphrodites can either self-fertilize or mate with males. After self-fertilization, each worm can 
produce around 300 progeny. When hermaphrodites mate with males, about 1300 fertilized eggs 
will be laid. An adult worm has a constant cell number (959 somatic nuclei) and cell lineage (Sulston 
& Horvitz 1977). 
The life cycle of C. elegans is temperature-dependent. Worms can be best cultured between 16°C 
and 25°C, most typically at 20°C. The generation time is about 2.5 days at 25°C, while it extends to 
3.5 days at 20°C and almost 5.5 days at 16°C (Riddle 1997). Eggs are fertilized within the adult 
hermaphrodite and laid a few hours after reaching adulthood. In favorable conditions, first-stage 
larvae (L1) will hatch from eggs and will proceed through three more larval stages in between which 
there is a molt (Figure 1.1). There is an alternative larval form, called dauer, resistant to 
environmental insult, like overcrowding, starvation or desiccation, during which worms become thin 
and elongated and can move but are non-feeding. Dauer stage can be maintained for months, and 
once conditions improve, worms re-enter the L4 stage and live about 2-3 weeks (Figure 1.1) (Cassada 
& Russell 1975). 
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Figure 1.1 Typical life cycle and development of C. elegans.  
A. C. elegans life cycle at 25 ˚C. Worms are drawn approximately to scale (modified from Altun and 
Hall (2009)). B. Micrographs of laid eggs, larval stages and adults (modified from Fielenbach and 
Antebi (2008)). 
Among the 959 somatic cells in adult hermaphrodite worms, 302 are neurons (Sulston & Horvitz 
1977; Sulston 1983; White et al. 1986). The C. elegans nervous system is divided into the pharyngeal 
nervous system containing 20 neurons and the somatic nervous system containing 282 neurons. 
Based on neuronal structural and functional properties, the classes can be divided into three 
categories: sensory neurons, interneurons, and motor neurons (White et al. 1986; Hobert 2005; 
Varshney et al. 2011). A recent updated the wiring diagram of the larger somatic nervous system 
consists of 6393 chemical synapses, 890 electrical junctions, and 1410 neuromuscular junctions 
(White et al. 1986; Varshney et al. 2011). 
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There are seven subclasses of worm neurons have been identified based on their neurotransmitters: 
acetylcholine (>90 neurons), serotonin (11 neurons), dopamine (8 neurons), tyramine (4 neurons), 
octopamine (2 neurons), glutamate (>72 neurons) and GABA (gamma-aminobutyric acid, 26 neurons) 
(Figure 1.2) (Hobert 2005; Chase & Koelle 2007). As presented in Chapter 3, we found that CBP-1 
influences sensory perception and its function in GABAergic neurons (probably not other types of 
neurons) is critical for axenic dietary restriction (ADR)-induced longevity. The 26 GABAergic neurons 
include the D-type motor neurons (6 DD, 13 VD), innervating the dorsal and ventral body muscles, 4 
RME motor neurons that innervate the head muscles, the AVL and DVB motor neurons innervating 
the enteric muscles, and finally the RIS interneuron with unknown function (White et al. 1986; 
McIntire et al. 1993; Jorgensen 2005). GABAergic neurons and sensory neurons are shown in Figure 
1.3 (White et al. 1986; McIntire et al. 1993; Jorgensen 2005). 
 
Figure 1.2 Pathways in neurotransmitter synthesis and release and its associated neurons 
In C. elegans, there are seven types of neurotransmitters (GABA, acetylcholine, dopamine, 
octopamine, serotonin, glutamate and tyramine), which are involved in many physiological 
processes, such as egg-laying, feeding and longevity (Wormbook, Hobert 2013). 
The other large group of neuronal signaling molecules are neuropeptides, which are short sequences 
of amino acids that function either directly or indirectly to modulate synaptic activity in worms, 
including the FMRFamide (Phe-Met-Arg-Phe-NH2)-related peptides (FLPs), neuropeptide-like 
proteins (NLPs) and the insulin-like peptides (ILPs) (Li et al. 1999; Pierce et al. 2001; Li 2005; Li & Kim 
2008). Despite of complexity and large number of neuropeptides, only four major proprotein 
convertase genes are present in C. elegans, kpc-1, egl-3/kpc-2, aex-5/kpc-3, and bli-4/kpc-4, 
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responsible for the post-translational processing and maturation of neuropeptides (Thacker et al. 
1995; Thacker et al. 2000; Husson et al. 2005), whose release could be regulated by sensory cues in 
certain neurons to modulate dauer formation and longevity (Murphy et al. 2003; Li & Kim 2008; Park 
et al. 2010; Cornils et al. 2011; Kulalert & Kim 2013; Ritter et al. 2013; Fernandes de Abreu et al. 
2014; Hung et al. 2014; Neal et al. 2015). The activities of these small molecules and peptides could 
coordinate different physiological responses to maintain general homeostasis within the animal 
(Hart & Chao 2010). 
 
Figure 1.3 GABAergic neurons and sensory neurons in C. elegans.  
GABAergic neurons include 26 neurons: the D-type motor neurons (6 DD, 13 VD), 4 RME motor 
neurons, the AVL and DVB motor neurons, and the RIS interneuron. Sensory neurons include 8 
gustatory neurons (ADF, ADL, ASE, ASG, ASH, ASI, ASJ and ASK), 3 olfactory neurons (AWA, AWB, and 
AWC), 1 thermosensory neuron AFD. 
Data resources about this model are freely available online in well-curated websites such as 
Wormatlas, Wormbase and Wormbook. 
1.2.1.2 C. elegans as a model organism 
C. elegans provides numerous unique advantages for scientific research. An important one is that C. 
elegans is not pathogenic or parasitic and is only subject to limited ethical restrictions or quarantine 
regulations. Besides, C. elegans offers multiple advantages as a popular model organism due to its 
simplicity, ease of handling, and amenability to genetic analysis. C. elegans was the first multicellular 
organism to have its genome completely sequenced in 1998, which contains approximately 20,470 
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protein-coding genes (C. elegans Sequencing Consortium, 1998). Its genetic pathways are known to 
be well evolutionarily conserved from worms to mammals, much of what is discovered in worm will 
provide implications for human biology (Shaye & Greenwald 2011). 
First, a rapid life cycle with a high rate sexual reproduction enable this worm to produce a large 
number of offspring within a short time, which makes it efficient to generate homozygous recessive 
mutants with the same genetic background (Brenner 1974). It has a short lifespan of about 3 weeks, 
so it is easy to observe age-related physiological changes in this worm and study their genetic basis 
(Kenyon 2010). Further, due to its small size, most bioassays can be conducted in microtiter plates 
either on agar or in liquid medium. Also a high-throughput screening platform for drug discovery has 
been described (Artal-Sanz et al. 2006).  
Second, maintenance of worms on a diet of E. coli in petri dish is easy and relatively inexpensive, 
without the need of sophisticated equipments (Avery & Thomas 1997). Beside, worms can be frozen 
in liquid nitrogen for long-term storage.  
Third, the essentially invariant cell lineage is another advantage of C. elegans. Adult C. elegans 
hermaphrodites have precisely 959 somatic nuclei that arise from nearly identical cell divisions in 
each individual. In addition, the complete cell lineage of the wild type worm, from fertilized egg to 
adult, has been traced and characterized in great detail (Sulston & Horvitz 1977). Because C. elegans 
is transparent, each cell division has been observed and documented. 
Fourth, although C. elegans is a simple metazoan, its cells are highly differentiated. The adult 
hermaphrodite shares similar cellular and molecular characteristics and pathways with higher 
organisms (membrane bound organelles; chromosome structure, nervous system and reproductive 
system, etc.). Comparison between C. elegans and human genomes confirmed that about 38% of its 
genes have human homologs and the majority of human disease genes and pathways are present in 
this simple organism (Shaye & Greenwald 2011). Therefore, C. elegans has become an attractive 
organism for modeling human diseases and discovery of related pathways will reveal a great 
potential for drug development and manipulation (Wolozin et al. 2011). 
Fifth, forward and reverse genetic techniques can be applied to worms. Mutagenesis and forward 
genetic screening allow unbiased identification of genes underlying a biological process of interest, 
providing important and novel insights into gene function (Brenner 1974). Also, the use of transgenic 
worms containing a fluorescent marker (e.g. GFP) is powerful tool to study gene localization and 
function (Chalfie et al. 1994). Transgenic animals can be created either via microinjection or through 
the use of biolistic bombardment and strategies include multicopy insertion, Mos1-mediated Single 
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Copy Insertion (MosSCI) and more recently CRISPR/Cas9 (Frokjaer-Jensen et al. 2008; Hochbaum et 
al. 2010; Friedland et al. 2013). Results obtained via forward genetics can be deepened or confirmed 
by reverse genetic techniques, like RNA interference. RNAi was first discovered in C. elegans and can 
be incorporated either at the single worm level by injection of dsRNA, or at the population level by 
feeding worms dsRNA-producing bacteria or soaking (Fire et al. 1998). 
However, when working with C. elegans, a few drawbacks should be taken into account.  One should 
be aware of its different evolutionary status compared to human. In most cases, findings in worms 
are still difficult for direct application in humans. However, working in a simple model is necessary to 
provide more information in determining the basic mechanisms of cellular, genetic, and 
developmental processes (Johnson 2003). 
1.2.1.3 Worm culture and diet 
Monoxenic culture with bacteria 
The standard laboratory diet of C. elegans is OP50, a B strain of Escherichia coli, although the 
bacterial strain K12 is sometimes used to obtain large populations of worms in controlled 
experiments (Avery & You 2012). For RNAi experiment, strain HT115 is often used as a diet for 
delivery of constructed vector by feeding. Typically, a co-culture of C. elegans and bacteria is grown 
on solid or liquid media supplemented with peptone to promote bacterial proliferation, and this 
mode of growth is referred to as monoxenic (Houthoofd et al. 2002). 
In recent years, the worm has been developed as a suitable model to study the effects of diet on 
metabolism, physiology, and gene expression. It has been shown that different bacterial diets cause 
significant changes in C. elegans physiology and gene expression (MacNeil et al. 2013; Watson et al. 
2013; Watson et al. 2014; Yilmaz & Walhout 2014). Changes elicited by one particular bacterial diet, 
Comamonas aquatica were attributed to a compound, the micronutrient vitamin B12, because this 
species can affect worm development and gene expression even when dramatically diluted with the 
OP50 diet (Watson et al. 2014). Because C. elegans and its bacterial diets are genetically tractable, 
they can both be manipulated to systematically dissect the underlying mechanisms using an 
‘interspecies systems biology’ approach. Interestingly, worm lifespan can also be regulated by their 
adaptive capacity to different diets, which is controlled by alh-6, a conserved proline metabolism 
gene. Mutation of alh-6 causes premature aging when worms are fed with an OP50, but not an 
HT115 diet (Pang & Curran 2014). Taken together, these studies have provided pioneering results on 
gene-diet interaction and how monoxenic growth of C. elegans can be used as a model system to 
derive connections between micronutrients, gene expression, and life history traits. 
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Axenic culture without bacteria 
C. elegans can also be cultured in an axenic medium with well-defined chemicals or in a semi-
defined medium (Vanfleteren 1976; Lu & Goetsch 1993; Houthoofd et al. 2002; Szewczyk et al. 2006; 
Castelein et al. 2014a). In the early years of C. elegans studies, Dougherty intended to culture 
nematodes in defined media, and was almost successful except for the necessary inclusion of a liver 
extract (Dougherty et al. 1959). The liver extract probably provided cholesterol which is now 
regularly added into culture media. Afterwards, Dougherty continued to study the nutritional 
requirements and axenic cultivation of Caenorhabditis species until his death in 1965. Vanfleteren 
(1980) provided an extensive review of various axenic media suitable for continuous culture of C. 
elegans and other nematodes, including the chemically defined C. elegans maintenance medium 
(CeMM) (Szewczyk et al. 2006). Interestingly, worms appeared to be smaller and grow slowly 
compared with those fed with OP50 on nematode growth medium (NGM), but exhibited significantly 
extended lifespan (Vanfleteren & De Vreese 1995; Houthoofd et al. 2002; Szewczyk et al. 2006). 
For some biochemical and physiological studies, it is useful or necessary to culture C. elegans under 
more strictly controlled conditions than the monoxenic cultures on NGM or nutrient agar (NA) in 
Petri dishes. Axenic culture has been developed to test the dietary requirements, which has been 
suggested that axenic medium should be used when the scientific context requires absolute control 
over the biological and chemical composition of the culture system. Thus, the direct effects of 
specific nutrients on C. elegans can be tested by the addition or omission of these factors in axenic 
conditions (Vanfleteren & Braeckman 1999). 
For technical restrain, it is very critical to ensure sterility of all tools and containers used for C. 
elegans axenic culture and worm transfer (Castelein et al. 2014a) as prokaryote contaminants may 
easily outgrow the worms and quickly deplete vital resources such as oxygen and nutrients. 
1.2.2 Age-related changes in C. elegans 
The nematode Caenorhabditis elegans is an important model for studying the genetics of aging, with 
over hundreds of longevity genes known so far (Kenyon 2010). Life-prolonging mutations affect 
several aspects of nematode biology, including endocrinal signaling for development, the 
development and function of sensory neurons, the consumption of food, and stress defense such as 
heat shock and reactive oxygen species (Braeckman et al. 2001; Braeckman & Vanfleteren 2007; 
Kenyon 2010). However, less is known about the tissue-specific changes in morphology and function 
with age in worms, as well as how tissue-specific aging links to organismal longevity. 
1.2.2.1 Tissue-specific changes in morphology and function with age 
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Aging is characterized by progressive degenerative changes in tissue organization and motility 
decline. Typically, aging is marked by physical decline. Consistent with this, age-associated 
locomotion defects increase progressively in severity over time (Klass 1977; Bolanowski et al. 1983; 
Johnson et al. 1987), and a stochastic component to age-related locomotion decline in isogenic 
animals has been established (Herndon et al. 2002). A newly developed simple method to assess 
worms’ maximum physical ability based on the worms’ maximum movement velocity has been used 
and shown maximum velocity declines with age, correlating well with longevity, accurately reports 
movement ability and, if measured in mid-adulthood, is predictive of maximal lifespan (Hahm et al. 
2015). Despite the observations that long-lived daf-2(e1370) mutants are less motile than wild-type 
animals (Huang et al. 2004; Bansal et al. 2015), this strain exhibits a higher maximum velocity with 
age, particularly from day 10 onwards, suggesting daf-2(e1370) mutation improves quality of life 
(Hahm et al. 2015). 
Progressive locomotory impairment during aging could be the consequence of a decline in muscle 
function. Indeed, age-related decline in sarcomere integrity has been demonstrated and muscle 
deterioration in aging worms is not limited to the body wall muscles, but also to the pharyngeal 
muscles (Herndon et al. 2002). Therefore, like humans, aging nematodes suffer from sarcopenia, the 
progressive loss of muscle mass and muscle function over time with mid-life onset. However, 
interestingly, dietary restriction can delay the decline in muscle morphology and function (Depuydt 
et al. 2013). In contrast to progressive deterioration of muscles, the nervous system in worms is 
remarkably preserved as the animal ages, even at advanced old age (Herndon et al. 2002). However, 
recent findings have indicated age-associated morphological and functional changes of worm 
neurons, including neurite branching, axon beading or swelling, axon defasciculation, progressive 
distortion of the neuronal soma, and early functional decline in presynaptic release (Chew et al. 
2013). For instance, the branching of mechanosensory neurons correlated with decreased response 
to light touch and decreased mobility (Tank et al. 2011). Also sensory perception declines 
significantly with age in C. elegans (Maglioni et al. 2014). 
Interestingly, the daf-2(e1370) mutant, which has a doubled lifespan, has extended abilities to learn 
and remember (Kauffman et al. 2010), repair axons (Byrne et al. 2014) and suppress neuronal 
morphological defects with age (Pan et al. 2011; Tank et al. 2011; Toth et al. 2012). Genetic 
dissection of factors and pathways that modulate the rate of neuronal aging is now ongoing. It has 
been shown that both JNK/MAPK and IIS signaling (Chen et al. 2013), as well as cell-autonomous 
factors. such as protein with tau-like repeats (PTL-1) (Chew et al. 2013) and CRH-1 (Kauffman et al. 
2010) promote neuronal integrity and function during aging. PTL-1 is the sole C. elegans homolog of 
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tau and MAP2, which are members of the mammalian family of microtubule-associated proteins 
(MAPs). PTL-1 is important for neuronal health, as well as in the regulation of whole organism 
lifespan by maintaining neuronal structure and regulating intestinal SKN-1 nuclear accumulation 
(Chew et al. 2013; Chew et al. 2015). CRH-1 promotes neuronal function by acting through a cascade 
of calcium/calmodulin (Ca2+/CaM)-dependent protein kinases pathway and inducing CRE-mediated 
downstream transcription (Kimura et al. 2002).  
Another remarkable change is the age-related deterioration of the cuticle, hypodermis and intestine 
(Herndon et al. 2002), apparently associated with plasma membrane disruption. In support of this, 
increasing evidence has shown that DR and metformin-treated worms exhibit better preservation of 
the cuticle structure (Depuydt et al. 2013; De Haes et al. 2014). Besides, diverse genetic, nutritional, 
and pharmacological pro-longevity interventions delay an age-related decline in collagen expression. 
These collagens mediate extracellular matrix remodeling during adulthood. The importance of 
collagen production in diverse anti-aging interventions implies that extracellular matrix remodeling 
is an essential signature of longevity assurance, and that agents promoting extracellular matrix 
youthfulness may have systemic benefits (Ewald et al. 2015). 
1.2.2.2 Transcriptional alternations with age 
While age-related changes in gene expression have been found in studies of small numbers of genes 
(Fabian & Johnson 1995b; Fabian & Johnson 1995a), the development of microarray technology 
made a genome-wide survey possible (Golden & Melov 2007). A relatively small number of genes 
(only 164) show statistically differential expression in transcript levels as aging occurs (<1% of the 
genome). This includes decreased expression of heat shock proteins and increased expression of 
certain transposases in older worms. The microarray expression data also assessed changes in 
tissue-specific aging at the molecular level, particularly in muscles and neurons (Lund et al. 2002). 
These data also support the view that some changes in gene expression may play a role in specifying 
lifespan. Using DNA microarray analysis it was found that long-lived daf-2 mutants exert their effect 
on lifespan by upregulating a wide variety of genes, including cellular stress-response, antimicrobial 
and metabolic genes, and by downregulating specific life-shortening genes (Murphy et al. 2003). 
Recently, results from transcriptomics profiling of eat-2 worms – a genetic model for dietary 
restriction - has provided critical evidence of hormonal and metabolic control of longevity through 
nuclear hormone receptor NHR-62 (Heestand et al. 2013). 
1.2.2.3 How does tissue aging relate to organismal longevity 
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Insulin-like signals derived from neurons, intestine, somatic gonad and germline that affect lifespan 
have been reported (Wolkow et al. 2000; Libina et al. 2003); (Hsin & Kenyon 1999; Arantes-Oliveira 
et al. 2002; Tatar 2002). The network of tissue interactions and feedback regulation allows the 
tissues to equilibrate and fine-tune their expression of downstream genes, which, in turn, 
coordinates their rates of aging within the animal. It is not yet clear how these signals influence 
tissue-specific aspects of aging, such as muscular decline, nor is it known whether, or how, muscle 
decline influences longevity. More recently, it has been demonstrated that several other longevity 
factors exert their effects on lifespan in various tissues as well (Wu et al. 2013; Alic et al. 2014; 
Ulgherait et al. 2014; Burkewitz et al. 2015). This emphasizes the need to determine whether genes 
expressed solely in one tissue could be sufficient for its lifespan effects, but also to characterize how 
signals work across various tissues and to understand how the health of different tissues ultimately 
relates to the lifespan of the organism. 
1.3 Molecular mechanisms of aging in C. elegans 
Model organisms for studying aging include the nematode C. elegans, yeast, flies and mice. C. 
elegans is primarily important for the progress in the past decades. Most known mutations and RNA 
interference targets that extend lifespan were first discovered in C. elegans (Kenyon 2010). 
Mutations in genes affecting endocrine signaling, stress responses, metabolism, and telomeres can 
all increase the lifespan of model organisms. These mutations have revealed evolutionarily 
conserved pathways for aging, some of which appear to extend lifespan in response to sensory cues, 
caloric restriction, or stress (Braeckman & Vanfleteren 2007; Mair & Dillin 2008; Kenyon 2010; Allen 
et al. 2015). Many mutations affecting longevity pathways also delay age-related disease, and 
understanding of the molecular basis of these pathways will provide mechanistic insights into how 
these two processes, aging and disease susceptibility are linked. 
Here, we will focus on four aspects that influence aging: 
 dietary restriction 
 mitochondrial unfolded protein response (UPRmt), mitohormesis and mitophagy 
 the insulin/insulin-like growth factor-1 (IGF-1) signaling pathway (IIS) 
 protein homeostasis 
1.3.1 Dietary restriction (DR) and longevity 
1.3.1.1 DR increases longevity across species 
The discovery that laboratory rats with reduced food intake could live longer is often cited as first 
evidence of the benefits of dietary restriction (DR) (Fontana et al. 2010; Martin 2011). Since dietary 
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restriction of methionine has also been shown to enhance lifespan (Miller et al. 2005), even the 
altered ratio of C: N affects lifespan in flies (Fanson & Taylor 2012), it is preferable to refer to this 
phenomenon as dietary restriction rather than caloric restriction. It is a dietary regimen that reduces 
food intake without malnutrition or a reduction in essential components. Dietary restriction has 
been shown to postpone aging in a wide range of species, including yeast, fish, rodents and dogs, 
resulting in longer healthy life and an increase in both median and maximum lifespan (Fontana et al. 
2010). The molecular mechanism that supports the life-extending effect of dietary restriction 
however is not yet clear and remains to be further elaborated (Kenyon 2005; Braeckman & 
Vanfleteren 2007; Mair & Dillin 2008; Kenyon 2010). 
In humans, the long-term effects on health of moderate DR with sufficient nutrients are not yet 
known (Spindler 2010). Two recent DR studies in primates (rhesus monkeys) have been performed 
and reported both enhanced lifespan and healthspan when these animals are restricted by 30% 
(Colman et al. 2009; Rezzi et al. 2009; Mattison et al. 2012; Colman et al. 2014). One study has 
indicated that DR confers health benefits in the animals, but did not show increased median lifespan 
(Mattison et al. 2012). The 2009 and 2014 results of the other study have demonstrated that DR can 
delay the onset of age-related diseases and increase longevity (Colman et al. 2009; Colman et al. 
2014). 
1.3.1.2 DR regimens in C. elegans 
The nematode Caenorhabditis elegans provides a good model to study the genetics of DR-mediated 
longevity. There exist nine distinct DR methods that all extend lifespan to varying degrees in C. 
elegans. The standard culture is to feed worms with E. coli bacteria (OP50) placed on NGM plates. 
The DR regimens include: (i) genetic mimetics (eat-2 mutant) that reduces the pharyngeal pumping 
rate of the worms, thereby decreasing food intake (Lakowski & Hekimi 1998); (ii and iii) two ways of 
diluting bacteria in liquid cultures (bacterial DR: bDR and liquid DR: lDR) (Klass 1977; Bishop & 
Guarente 2007b; Panowski et al. 2007); (iv and v) two chemically defined or undefined liquid media 
that induce DR-like phenotypes in C. elegans (axenic dietary restriction: ADR and chemically defined 
liquid medium: CDLM) (Houthoofd et al. 2002; Szewczyk et al. 2006); (vi) the dilution of peptone in 
the agarose plates, which reduces the growth of bacteria (DP: dilution of peptone) (Hosono et al. 
1989); (vii) no bacterial food on plates (dietary deprivation: DD) (Kaeberlein et al. 2006; Lee et al. 
2006); (viii) serially diluted bacteria on plates (solid DR: sDR) (Greer et al. 2007b) and (ix) 
intermittent fasting (IF), an alternate-day fasting and an every 2 days fasting in C. elegans (Honjoh et 
al. 2009). 
1.3.1.3 Axenic dietary restriction (ADR) 
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Axenically cultured worms exhibit many characteristic traits with worms subjected to other DR 
methods, like smaller and slender body (Figure 1.4), reduced fertility, and slower development and 
hence the term axenic dietary restriction (ADR) is often applied (Vanfleteren & Braeckman 1999; 
Houthoofd et al. 2002; Szewczyk et al. 2006). The DR-like phenotypes are indicators of nutritional 
stress (Lopez-Maury et al. 2008). The stress that an animal experiences might be related to the 
suboptimal availability of nutrients and low efficiency of nutrient utilization. In support of this, C. 
elegans takes up liquid containing suspended particles (bacteria), and then spits out much of the 
liquid, while retaining the particles (Avery & Thomas 1997). This feeding behavior is likely to be 
inefficient for ingestion of nutritive particle-free solutions (Houthoofd et al. 2002; Szewczyk et al. 
2006; Lenaerts et al. 2008). Supplementation with metabolically active bacteria can support optimal 
worm health, possibly by providing limited compounds that lack in the axenic medium (Lenaerts et al. 
2008). 
 
Figure 1.4 Differential interference contrast (DIC) images of young adult C. elegans worms under 
monoxenic culture (S basal buffer with bacterial beads) as fully-fed (FF) condition and axenic liquid 
culture (ADR). 
 Credit: Prof. Dr. Bart Braeckman. 
Different from other DR regimens, where nutrients are limited, axenic medium contains the basic 
nutrients in excess (Houthoofd et al. 2002; Szewczyk et al. 2006; Lenaerts et al. 2008). Although the 
worm growth is slower in axenic culture compared with a bacterial diet, the medium can sustain a 
large population of worms (Houthoofd et al. 2002; Szewczyk et al. 2006; Lenaerts et al. 2008). 
Therefore, the rate of nutrient utilization might be the limiting factor for development. A recent 
work suggests that the tmc-1 mutant has the ability to better utilize the media and develop faster 
than wild type (Zhang et al. 2015). Thus, it was suggested that C. elegans uses TMC-1 
(transmembrane channel-like protein) as part of a stress sensing system to delay the rate of 
biological processes, such as development and reproduction, until the favorable condition is 
available (Zhang et al. 2015) (see 'General Discussion', Chapter 7).  
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Of note, physiological studies in the past have revealed that axenically cultured worms have 
increased stress resistance, metabolic rate, mitochondrial efficiency and density (Houthoofd et al. 
2002; Castelein et al. 2008; Castelein et al. 2014b), suggesting that worms under axenic culture 
exhibit beneficial physiological adaptations. Taken together, these primary results provided useful 
insights for understanding the nematode physiology and adaptations in axenic culture.  
However, the molecular mechanisms underlying the dramatic lifespan extension remain enigmatic, 
since, proposed as a type of DR, worms live significantly longer in axenic culture compared to 
monoxenic culture (Vanfleteren & Braeckman 1999; Houthoofd et al. 2002; Szewczyk et al. 2006; 
Castelein et al. 2014a).  
1.3.1.4 Molecular mechanisms of DR-mediated longevity 
The precise molecular mechanisms of DR-induced longevity are not fully understood and partially 
controversial. Until now, studies in C. elegans have provided a number of candidate genes that may 
be involved in  DR-induced longevity, including: the transcription factors DAF-16/FOXO (Lakowski & 
Hekimi 1998; Greer et al. 2007a), PHA-4 (Panowski et al. 2007), SKN-1 (Bishop & Guarente 2007b), 
HIF-1 (Chen et al. 2009), HSF-1 (Morley & Morimoto 2004); the nutrient sensor AMPK (Greer et al. 
2007a), the TOR pathway genes RHEB-1, LET-363, and RSKS-1 (Vellai et al. 2003; Jia et al. 2004; 
Hansen et al. 2007), SIR-2.1 (Tissenbaum & Guarente 2001), the SREBP regulator of lipid homeostasis 
(Yang et al. 2006), the transcriptional co-activator CBP-1 (Zhang et al. 2009), the nuclear hormone 
receptor NHR-62 (Heestand et al. 2013), the autophagy pathway gene HLH-30 (Lapierre et al. 2013a) 
and others (summarized in Table 1.1 and Figure 1.5). 
The signaling pathways that mediate the effects of DR are complex and impinge on a variety of 
cellular targets. For example, the TOR pathway was shown to modulate the effects of DR in C. 
elegans through HIF-1, acting downstream of S6K to modulate the IRE-1 ER stress pathway (Chen et 
al. 2009). eat-2-associated DR requires the SIR-2.1 (Wang et al. 2006) and is dependent on the 
inhibition of mTOR (Hansen et al. 2008) and NHR-62 (Heestand et al. 2013). In liquid dilution DR, 
respiration increases through activation of the transcription factor SKN-1 in only two head neurons 
(Bishop & Guarente 2007b). In addition, aak-2 is dispensable for the IF-induced longevity, but 
required for solid DR (Greer et al. 2007a; Honjoh et al. 2009). It is now becoming apparent that DR-
induced longevity is likely to be mediated by a network of genes rather than by linear pathways and 
different DR regimens extend lifespan not via a universal mechanism, but by both distinct and 
overlapping pathways. Therefore, manipulating more than one ‘node’ in this network may allow 
additive or even synergistic lifespan and healthspan benefits. 
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Table 1.1 Key genes known in DR-induced longevity 
Gene Function Reference 
aak-2 AMP activated kinase subunit 
(Apfeld et al. 2004; Greer et al. 
2007a) 
cbp-1 transcriptional co-factor CBP (Zhang et al. 2009) 
cep-1 transcription factor: p53 homolog (Ventura et al. 2009) 
crh-1 CREB homolog (Mair et al. 2011) 
cup-4 Ligand-gated ion channel 
(Park et al. 2010) 
nlp-7 Neuropeptide-like protein 
daf-16 FoxO transcription factor (negative control) (Ogg et al. 1997) 
hif-1 Hypoxia inducible factor (transcription factor) (Chen et al. 2009) 
hlh-30 Helix-loop-helix transcription factor 30 (Lapierre et al. 2013a) 
hsf-1 Heat shock factor (transcription factor) (Morley & Morimoto 2004) 
let-363 PI kinase, mTOR homolog (Johnson et al. 2013) 
nhr-62 Nuclear hormone receptor (Heestand et al. 2013) 
pha-4 FoxA transcription factor (Panowski et al. 2007) 
skn-1 bZip transcription factor (Bishop & Guarente 2007) 
ubc-18 ubiquitin-conjugating enzyme 
(Carrano et al. 2009) 
wwp-1 E3 ubiquitin ligase homolog 
 
CBP-1, a key factor in ADR longevity 
The gene cbp-1, encoding the worm ortholog of p300/ CBP (CREB-binding protein), is the only gene 
known to be essential for ADR longevity (Zhang et al. 2009). CBP-1 is a transcriptional coactivator 
with histone aceytltransferase (HAT) activity and it is predominantly localized in the nuclei of most if 
not all somatic cells (Shi & Mello 1998; Victor et al. 2002; Eastburn & Han 2005). CBP-1 acts as a 
master regulator of longevity by different interventions and it exhibits a neuron-protective effect 
during normal aging (Bates et al. 2006; Zhang et al. 2009). For example, CBP-1 is required for a few 
drugs to exhibit their potential for neuronal protection against glucose toxicity (Libina et al. 2003). It 
is also required for lifespan extension of mir-80 mutants that show a DR-like phenotype (Vora et al. 
2013). Lifespan extension by the DR mimetic D-beta-hydroxybutyrate also depends on CBP-1 
(Edwards et al. 2014). In addition, several proteins implicated in lifespan extension are CBP-1 binding 
partners, like DAF-16, HSF-1 and SKN-1 (Zhang et al. 2009; Chiang et al. 2012), suggesting that CBP-1 
constitutes a common factor integrating multiple longevity pathways and ultimately supports healthy 
aging. However, due to embryonic lethality of cbp-1 loss-of-function alleles, the details of CBP-1 in 
regulating (A)DR-mediated longevity is yet unknown. 
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Figure 1.5 Different DR regimens (Greer & Brunet 2009). 
(A) Table summarizing genes of which the influence have been tested on specific DR methods. 
Question marks indicate conflicting reports in the literature. sDR, ‘solid DR’ (Greer et al., 2007); eat‐2 
(Lakowski & Hekimi, 1998); bDR, liquid DR (Klass, 1977; Panowski et al., 2007); lDR, Liquid DR (Bishop 
& Guarente, 2007); DD, dietary deprivation (Kaeberlein et al., 2006; Lee et al., 2006); AM, axenic 
medium (Houthoofd et al., 2002a; Houthoofd et al., 2002b); DP, dilution of peptone in plates 
(Hosono et al., 1989); CDLM, chemically defined liquid media (Szewczyk et al., 2006). D, dependent; 
PD, partially dependent; I, independent; ND, not determined. *Not a null mutant, making results 
more difficult to interpret. **Experiments were performed with RNAi, making results more difficult 
to interpret. let‐363: C. elegans TOR gene mutant (Henderson et al., 2006; Hansen et al., 2007). [1]: 
(Greer et al., 2007), [2]: (Curtis et al., 2006), [3]: (Lakowski & Hekimi, 1998), [4]: (Wang & 
Tissenbaum, 2006), [5]: (Hansen et al., 2007), [6]: (Panowski et al., 2007), [7]: (Hsu et al., 2003), [8]: 
(Houthoofd et al., 2003) [9]: (Henderson et al., 2006), [10]: (Hansen et al., 2005), [11]: (Bishop & 
Guarente, 2007), [12]: (Kaeberlein et al., 2006), [13]: (Lee et al., 2006), [14]: (Steinkraus et al., 2008), 
[15]: (Houthoofd et al., 2002b), [16]: (Viswanathan et al., 2005), [17]: (Wood et al., 2004), [18]: (Bass 
et al., 2007).(B) Different methods of DR activate distinct signaling pathways. Displayed are 
molecules that have been shown to play a role in mediating the longevity extension effects of DR 
methods. Question marks indicate conflicting reports (Henderson et al., 2006; Wang & Tissenbaum, 
2006; Hansen et al., 2007). LET‐363: C. elegans TOR protein, (Greer and Brunet, 2009). 
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AMPK 
The energy-sensing AMP-activated protein kinase (AMPK) is activated at low energy levels reflected 
by increased AMP:ATP ratio (Ojuka 2004). It plays a central role in cellular energy homeostasis, 
including the cellular uptake of glucose, beta-oxidation of fatty acids and mitochondrial biogenesis 
(Canto & Auwerx 2009). Overexpression of aak-2, one of the catalytic subunits of AMPK in C. elegans, 
was found to extend lifespan (Apfeld et al. 2004) and necessary for the lifespan extending effect of 
sDR (Greer et al. 2007a). However, aak-2 is not required for longevity induced by eat-2 mutation 
(Greer & Brunet 2009) or IF (Honjoh et al. 2009). Lifespan extension via bacterial dilution shows a 
partial dependence on AAK-2 (Greer & Brunet 2009; Mair et al. 2009). Increasing evidence has 
revealed a central role of AMPK in aging via an integrated signaling network (Salminen & Kaarniranta 
2012) (Figure 1.6). 
 
Figure 1.6 Central role of AMPK in multiple aging pathways (Salminen and Kaamiranta, 2012). 
The conserved energy sensor AMPK and its corresponding phosphatase calcineurin modulate 
longevity via the CREB regulated transcriptional coactivator (CRTC)-1 in C. elegans (Mair et al. 2011). 
Interestingly, DR and heat stress can block the CRTC-1/CRH-1 pathway and extend lifespan, at least 
in C. elegans (Mair et al. 2011). More recently, it has been demonstrated that CRTC-1/CRH-1 in 
octopaminergic neurons modulates the longevity of C. elegans via a cell-nonautonomous 
catecholamine signal (Burkewitz et al. 2015). This landmark study implies that CRTC-1-induced CREB 
activation plays a key role in the regulation of DR-induced longevity. 
Sirtuins 
Sirtuins are a family of NAD+-dependent protein deacetylases and exert the modulation of longevity 
through their deacetylation activity. When overexpressed, sir2 extends yeast lifespan, whereas 
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deletion of the gene shortens the lifespan by 50% and its function is conserved in C. elegans and flies 
(Kennedy et al. 1995; Kennedy et al. 1997; Kaeberlein et al. 1999; Imai et al. 2000; Tissenbaum & 
Guarente 2001; Verdin 2015). In C. elegans, SIR-2.1 regulates aging through the insulin/IGF-1 
pathway, which acts likely to activate DAF-16 directly by deacetylation (Tissenbaum & Guarente 
2001). Although there is controversy on whether overexpression of the invertebrate sir2 ortholog 
extends lifespan (Burnett et al. 2011; Viswanathan & Guarente 2011), sirtuin family proteins have 
been shown to regulate longevity through the mitochondrial unfolded protein response (UPRmt) 
pathway (Houtkooper et al. 2013) and is required for eat-2 longevity (Wang et al. 2006). 
In addition, sirtuin proteins mediate an oxidative stress response by regulating antioxidant gene 
expression via transcription factors such as FOXO in a 14-3-3-dependent manner (Wang et al. 2006). 
Sirtuin proteins have also been shown to be involved in age-related diseases, such as type II diabetes 
and neurodegenerative diseases (Satoh et al. 2011; Houtkooper et al. 2013). Taken together, it is 
possible that sirtuin proteins regulate the cell’s metabolic status and physiology, which further alters 
the coordination of specific lifespan altering pathways. 
Target of rapamycin (TOR) 
TOR (Target of Rapamycin) is also emerging as a key regulator in mediating the longevity effects of 
DR and is conserved across species. The TOR kinase is a major amino acid and nutrient sensor that 
regulates various processes, like protein translation, degradation, and autophagy (Schmelzle & Hall 
2000). It has been shown to modulate lifespan in flies (Kapahi et al. 2004), yeast (Kaeberlein et al. 
2005), worms (Vellai et al. 2003) and most recently mice (Harrison et al. 2009; Johnson et al. 2013). 
At least in C. elegans, TOR inhibition seems to extend the lifespan independently of DAF-16/FOXO, 
which describes a distinct pathway from insulin/IGF-1 signaling (Hansen et al. 2008; Lapierre & 
Hansen 2012). It has been reported that the transcription factor PHA-4/FOXA is required for 
increased lifespan by TOR inhibition (Sheaffer et al. 2008). In response to sufficient nutrients, TOR 
turns up translation through increased activity of ribosomal S6 kinase (S6K), whereas if nutrients are 
limited, reduced TOR signaling results in increased protein degradation and autophagy. The DR-
induced lifespan extension by TOR inhibition can either be caused by the inhibition of mRNA 
translation via S6 kinase inhibition (Pan et al. 2007) or by stimulation of the autophagy process 
(Hansen et al. 2008). 
Therefore, longevity has been connected to dietary restriction and insulin sensitivity by inhibiting 
mTOR, which in turn enhances autophagy. It is thought that mTOR inhibition and increased 
autophagy ameliorate the damaging effects of ROS on DNA, proteins and other molecules, resulting 
in increased longevity (Johnson et al. 2013). 
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1.3.1.2 DR, sensory perception and endocrine signaling 
Organisms must evolve the ability to coordinate their internal physiological status with external 
nutrient availability or environmental cues for survival and fitness. Studies in C. elegans pointed to a 
major role for the sensory perception of food, via gustatory and olfactory clues, in the regulation of 
the response to dietary restriction (Apfeld & Kenyon 1999; Alcedo & Kenyon 2004; Bishop & 
Guarente 2007b; Alcedo et al. 2013; Allen et al. 2015). Many mutants with defects in sensory 
perception influence the lifespan of worms through DAF-16 by regulating the release of insulin-like 
molecules or neuropeptides from neurons, like INS-7 and NLP-7 (Murphy et al. 2003; Park et al. 
2010). Additionally, loss-of-function mutations in multiple sensory G proteins in the olfactory, 
gustatory and nociceptive neurons modulate longevity, like odr-3 (Lans & Jansen 2007). The 
longevity mediated by sensory perception and endocrine signaling is complex, since some neurons 
extend lifespan, while others shorten lifespan (Alcedo & Kenyon 2004; Allen et al. 2015). A recent 
study has revealed that food-derived cues modulate longevity by regulating neuroendocrinal insulin-
like peptides INS-6 secretion from sensory neurons ASI/ASJ, which in turn relays the longevity signals 
to non-neuronal tissues by decreasing the activity of DAF-16/FOXO in the intestine (Artan et al. 
2016). This strategy may allow worms to sense and react more quickly to the changing environment, 
like crisis in nutrient, in order to trigger a physiological shift towards cell protection and 
maintenance. 
Therefore, not only the volume of food that worms eat (e.g. DR), but also when they are fed and 
whether they can sense the diet (both soluble and volatile compounds) may affect their lifespan by 
different mechanisms, many of which engage in a crosstalk among the insulin/IGF-1 signaling 
pathway, TOR pathway, AMPK and sirtuins. 
 1.3.2 Mitochondrial unfolded protein response (UPRmt), mitohormesis and 
mitophagy 
On one hand, mutations in mitochondrial DNA and damage to mitochondrial proteins accumulate 
with age and lead to deficiencies in mitochondrial function (Trifunovic 2006). On the other hand, as 
part of the mitochondrial quality control, a certain number of functional mitochondria can be 
maintained through mitochondrial biogenesis and mitophagy (Palikaras et al. 2015). Besides, the 
mitochondrial unfolded protein response pathway (UPRmt), an evolutionarily conserved stress 
response pathway across species, which governs proteostasis inside mitochondria, has recently been 
linked to longevity (Haynes & Ron 2010; Durieux et al. 2011). 
1.3.2.1 Mild inhibition of mitochondrial function extends longevity 
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Mitochondrial function is central to cellular metabolism and cell death, while dysfunction causes 
respiratory defects and numerous age-related diseases, including diabetes and neurodegeneration 
(Lin & Beal 2006). However, two independent genome-wide RNAi screens for longevity have both 
generated candidate genes greatly enriched in mitochondrial functions (Lee et al. 2003; Hamilton et 
al. 2005). Despite the importance of mitochondria, some mitochondrial mutations or RNAi 
knockdown of some mitochondrial genes cause lifespan extension in C. elegans, which was also 
found in flies and mice (Lee et al. 2003; Hamilton et al. 2005; Dillin et al. 2002; Durieux et al. 2011; 
Hootkooper et al. 2013). 
Timing requirements 
Previous studies showed that inhibition of mitochondrial respiration by RNAi only during 
development but not adulthood could extend lifespan in C. elegans (Dillin et al. 2002). However, later 
studies described that knockdown of genes with mitochondrial function either solely during 
adulthood (Chen et al. 2008), during the L3/L4 larval stage (Rea et al. 2007) or after the L4 stage 
(Curran & Ruvkun 2007) can also extend lifespan. Possible reasons for this are the variable 
effectiveness of RNAi and different mechanisms for different groups of genes in mitochondrial 
function (Ni & Lee 2010). Further understanding of how the mild inhibition of mitochondrial function 
influences longevity may help explain this discrepancy. 
Metabolism and ROS production of Mit mutants  
The long-lived Mit mutants or RNAi knockdown worms with defects in mitochondrial function could 
have reduced respiratory rate and lower ROS production, which ultimately delays aging. In support 
of this, inhibition of a component of the respiratory chain complex III, isp-1, in C. elegans has been 
shown to reduce oxygen consumption and ATP production (Feng et al. 2001). In addition, it was 
reported that ATP levels of cyc-1 (complex III) or atp-3 (ATP synthase) mutants decreased 60% to 
80%, while a decline of 40-60% was observed in worms subjected to nuo-2 (complex I) or cco-1 
(complex IV) RNAi (Dillin et al. 2002). Because long-lived C. elegans with defective electron transport 
have lower ATP production, it is conceivable that they undergo varied changes in metabolism that 
eventually might be beneficial for long life. 
However, it seems controversial, since clk-1 long-lived mutants do not have a dramatic declined 
metabolic rate (Braeckman et al. 1999). Metabolic output in clk-1(e2519) mutants was not lower 
than wild type worms, as assessed by oxygen consumption and heat output scaled to protein 
(Braeckman et al. 2002a). The age-dependent decline in oxygen consumption rates was less steep in 
Clk mutants compared to wide type, which revealed that there might be a better maintenance of 
mitochondrial function in mutants (Braeckman et al. 2002a). Apparently, the fact that a slight 
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alteration of mitochondrial function extends longevity cannot simply be attributed to reduced 
metabolic rate. 
Putative molecular mechanisms 
Electron transport chain (ETC)-mediated lifespan extension is known to be independent of the 
insulin/IGF-1 pathway (Dillin et al. 2002; Lee et al. 2003). In agreement with this, the daf-2(e1370); 
clk-1(e2519) worms lived nearly five times as long as wild type worms (Lakowski & Hekimi 1998) and 
all of the new mitochondrial RNAi clones could further extend the lifespan of daf-2 mutants (Hansen 
et al. 2005). The mechanisms through which mitochondrial mutants affect lifespan remain unclear. It 
has been shown that modulations in transcriptional profiles, physiological responses and cellular 
metabolic pathways are likely involved (Cristina et al. 2009). Additionally, earlier studies have 
reported that lifespan extension in Mit mutants was limited to a discrete window (threshold) of 
mitochondrial inhibition. A modest inhibition of mitochondrial function was necessary for lifespan 
extension; in cases of more severe inhibition, there was no response or even reduced lifespan (Rea 
et al. 2007). It has been proposed that increased levels of ROS in the Mit mutants triggers hypoxia-
inducible factor-1 (HIF-1) activity and leads to longevity (Hwang & Lee 2011). 
Recently, two pathways have been described that link mitochondrial dysfunction to aging: the 
mitochondrial unfolded protein response (UPRmt) and ROS-mediated mitohormesis (Durieux et al. 
2011; Ristow & Schmeisser 2011; Yee et al. 2014; Wang & Hekimi 2015). 
1.3.2.2 Mitochondrial unfolded protein response (UPRmt) 
In response to the accumulation of unfolded or misfolded proteins beyond the organelle's 
chaperone capacity, cells have evolved a dedicated stress response pathway, the mitochondrial 
unfolded protein response (UPRmt) (Pellegrino et al. 2013) (Figure 1.7). The UPRmt is a mitochondria-
to-nuclear signal transduction pathway resulting in the induction of mitochondrial protective genes, 
including mitochondrial molecular chaperones and proteases to re-establish protein homeostasis 
within the mitochondria. UPRmt is activated when protein balance in mitochondria is disturbed, for 
instance, upon accumulation of misfolded or unfolded proteins (Yoneda et al. 2004; Haynes & Ron 
2010; Durieux et al. 2011). Alternatively, disturbance of the mitonuclear protein balance is 
associated with UPRmt activation, such as a reduction of the expression of several nuclear-encoded 
mitochondrial ETC components via RNAi or interference with mitochondrial ribosomal function 
(Houtkooper et al. 2013). Further conditions able to induce the UPRmt include shifts in AMP/ATP 
ratios as well as changes in the NAD+/NADH ratio, thereby providing a mechanism to monitor 
mitochondrial function in general (Houtkooper et al. 2013; Mouchiroud et al. 2013). Also causative 
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to activation of the UPRmt can be a range of cellular physiological disturbances, such as the presence 
of mitochondrial gene mutations and exposure to harmful toxins (Bennett & Kaeberlein 2014). 
Intriguingly, in C. elegans, the UPRmt is also involved in the immune response and microbial defense 
(Pellegrino et al. 2013; Liu et al. 2014). 
 
Figure 1.7 Overview of the mitochondrial unfolded protein response (UPRmt) signaling pathway in 
Caenorhabditis elegans. 
The Chaperones heat shock protein (HSP)-6, HSP-60 and the protease CLPP-1 perform protein 
quality control in the mitochondria. When unfolded, misfolded or unassembled proteins accumulate 
in the matrix, CLPP-1 cleaves the proteins into short peptides, which are exported by the transporter 
HAF-1 into the cytoplasm and thereby inhibit mitochondrial protein import. As a result, the 
transcription factor ATFS-1 cannot be imported into mitochondria for degradation, and therefore 
translocates to the nucleus, where, presumably in a complex with the small ubiquitin-like protein 
UBL-5 and homeodomain-containing transcription factor DVE-1, it activates the transcription of 
stress response genes, which reconstitute mitochondrial homeostasis. In a complementary pathway, 
reactive oxygen species (ROS), generated by oxidative phosphorylation (OXPHOS) complexes under 
stress, activate GCN-2 kinase, which inhibits cytosolic protein translation by phosphorylation of 
eukaryotic translation initiation factor 2α (eIF2α), thus reducing the protein-folding load in the 
mitochondria. TIM, translocase of inner membrane complex; TOM, translocase of outer membrane 
complex; NLS, nuclear localization/export sequence; MTS, mitochondrial targeting sequence; mt, 
mitochondria (Jovaisaite et al. 2014). 
Importantly, activation of UPRmt is required for the lifespan extension by Mit mutants and 
mitochondrial dysfunction and its induction in nervous system of C. elegans is sufficient to initiate a 
response throughout the entire organism (Durieux et al. 2011). The latter study also suggests the 
involvement of a secreted signal molecule coordinating the UPRmt across tissues. While the exact 
nature of this mitochondrial stress signal is yet to be determined, a few potential candidate 
molecules exist (Taylor et al. 2014). It was recently found that mitochondrial stress causes 
chromatin reorganization to promote longevity through histone H3K9 di-methylation, a process that 
is traditionally associated with gene silencing by MET-2 and LIN-65 (Tian et al. 2016). Another study 
found out two conserved histone demethylases JMJD-1.2 and JMJD-3.1, which regulate H3K27 
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methylation status. Reduction-of-function of these demethylases potently suppresses longevity and 
UPRmt induction, while gain-of-function is sufficient to extend lifespan in an UPRmt-dependent 
manner (Merkwirth et al. 2016). These findings illustrate evolutionarily conserved epigenetic 
mechanisms that contribute to the longevity by mitochondrial perturbations through activation of 
UPRmt. 
However, a genome-wide RNAi screen showed that there is no straightforward correlation between 
UPRmt activation and lifespan extension in C. elegans. Constitutive activation of the UPRmt in the 
absence of mitochondrial stress also fails to extend lifespan (Bennett & Kaeberlein 2014; Bennett et 
al. 2014). These findings cast doubt on the unique importance of the UPRmt in longevity. One 
possible explanation is that the nature of the mitochondrial proteotoxic stress may differ in various 
conditions. Nevertheless, the UPRmt has been implicated in lifespan extension of worms, flies, and 
mice, suggesting a conserved role in cellular homeostasis (Jensen & Jasper 2014). Many questions 
remain to be answered, including the exact nature of the signaling molecules involved, their 
beneficial and detrimental effects in general as well as specifically to each tissue, and the extent of 
conservation across evolutionary boundaries (Schinzel & Dillin 2015). 
1.3.2.3 Mitohormesis 
Mitohormesis refers to the concept that an adaptive and protective antioxidant response is 
activated in mitochondria by an initial accumulation of moderate levels of potentially toxic ROS, 
which eventually promotes cellular health and organismal longevity (Schulz et al. 2007; Ristow & 
Zarse 2010; Pan 2011; Ristow & Schmeisser 2011; Back et al. 2012c; Ristow & Schmeisser 2014). 
More recent studies have proposed that slightly elevated levels of ROS produced by several 
longevity-promoting interventions serve as a potential signal to activate downstream pathways to 
eventually induce defense systems culminating in increased longevity (Ristow & Zarse 2010; Ristow 
& Schmeisser 2011). 
The positive effect of mitohormesis on lifespan only occurs within a limited range of relatively low 
intracellular ROS levels. High ROS levels may not be compensated for by the mitohormetic response, 
which may explain the wide range of lifespans observed for different respiratory chain mutants 
(Dingley et al. 2010). Although the detailed mechanism of ROS-mediated mitohormesis has not been 
fully elucidated, several key factors, such as PMK-1 (p38 MAP kinase), HSF-1 (heat shock factor), 
SKN-1 (Nrf2), PRDX-2 (peroxiredoxin) and DAF-16 (FOXO), have been demonstrated to be involved 
for the mitohormetic response (Zarse et al. 2007; Schmeisser et al. 2011; Zarse et al. 2012; Yun & 
Finkel 2014). 
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Pro-longevity response to mitochondrial ROS 
The mitochondrial dysfunction in long-lived ETC mutants, such as isp-1 and nuo-6, elevates 
mitochondrial superoxide generation and treatment with antioxidants suppresses this lifespan 
extension, suggesting a pro-longevity role of ROS (Yang & Hekimi 2010b; Wang & Hekimi 2015). A 
pro-longevity role for superoxide generation is further supported by the observation that treatment 
with very low concentrations (0.1 mM) of the mitochondrial superoxide generator paraquat can 
dramatically increase the lifespan of wild type animals without impairing their mitochondrial 
function, but this treatment has no effect on the long-lived ETC mutants (Yang & Hekimi 2010b). 
Recent findings suggest that the intrinsic apoptosis signaling pathway might be one of the principal 
mechanisms by which mtROS act as pro-longevity signaling molecules, by activating a specific 
pattern of changes in gene expression without inducing cell death (Yee et al. 2014). 
Of note, ROS-mediated mitohormesis and the pro-longevity response to mtROS might be 
overlapping processes, but it should be more clearly described based on whether it causes an 
hormetic response (Wang & Hekimi 2015). 
1.3.2.4 Mitophagy 
Mitochondria possess a multifaceted quality control system to sense and respond to challenges that 
affect mitochondrial function. Maintenance of mitochondrial function and energy homeostasis 
requires both generation of newly synthesized (biogenesis) and elimination of dysfunctional 
mitochondria by quality control mechanisms (mitophagy) (Figure 1.8) (Palikaras et al. 2015). The 
term mitophagy refers to the specific elimination of mitochondria by autophagy (Lemasters 2005). 
This process is described in detail in the following recent reviews: (Tolkovsky 2009; Youle & 
Narendra 2011; Palikaras & Tavernarakis 2014). 
Coordination between mitochondrial biogenesis and mitophagy to maintain cellular homeostasis is 
proven to be critical for survival and health. Impaired mitochondrial maintenance in disparate cell 
types is a shared hallmark of many human pathologies and aging. A recent finding has stated that 
mitophagy interfaces with mitochondrial biogenesis to regulate mitochondrial content and longevity 
in Caenorhabditis elegans (Palikaras et al. 2015). The protein DCT-1 was found to be a new mediator 
of mitophagy and longevity under IIS and impaired mitochondrial function. Impairment of mitophagy 
compromises stress resistance and triggers mitochondrial retrograde signaling through the SKN-1 
transcription factor that regulates both mitochondrial biogenesis genes and mitophagy by enhancing 
DCT-1 expression. A homeostatic feedback loop integrates metabolic signals to coordinate the 
biogenesis and turnover of mitochondria. In addition to DCT-1, recent work has linked deficient 
mitophagy to Parkinson’s disease and indentified two genes, the cytosolic E3 ubiquitin ligase parkin 
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(pdr-1 in C. elegans) and the PTEN-induced putative kinase protein 1 (PINK1) (pink-1 in C. elegans). 
Mutations in these genes have been found to develop juvenile forms of Parkinson's disease in 
humans (Kitada et al. 1998; Valente et al. 2004). DCT-1 co-localizes with PDR-1, revealing a 
homeostatic feedback loop. The transcription factor SKN-1 regulates both mitochondrial biogenesis 
genes and mitophagy by enhancing DCT-1 expression (Palikaras et al. 2015). RNAi knockdown of 
pink-1, but not pdr-1, partially inhibits the extended longevity of daf-2, isp-1, eat-2 and clk-1 mutants 
(Palikaras et al. 2015). 
 
Figure 1.8 Model of Parkin-Induced Mitophagy 
Dysfunctional mitochondria (yellow mitochondrion) fail to import and degrade PINK1 and therefore 
it is stabilized on the outer mitochondrial membrane (OMM). Upon PINK1 accumulation, PINK1 
phosphorylates ubiquitin and Parkin to activate Parkin’s E3 ligase activity. Parkin ubiquitinates 
substrates on the outer mitochondrial membrane for two divergent processes: autophagosome 
recruitment and ubiquitin proteasome degradation of ubiquitinated mitochondrial substrates. Fis1 is 
a receptor on the outer membrane that binds two proteins, TBC1D15 and TBC1D17, to govern the 
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developing LC3 isolation membrane to generate the autophagosome around the damaged 
mitochondria. The autophagosome is then delivered to the lysosome for degradation (Pickrell & 
Youle 2014). 
Taken together, many studies emphasize the importance of the balance between mitochondrial 
biogenesis and mitophagy in the context of the aging process. It is likely imbalance of these 
processes during aging contributes to accumulation of damaged mitochondria and a subsequent 
decline of cellular function (Palikaras & Tavernarakis 2014). 
1.3.3 The insulin/IGF-1 signaling pathway (IIS) 
Aging research in C. elegans has greatly progressed over the past decades and a series of excellent 
review articles are available (Braeckman & Vanfleteren 2007; Mair & Dillin 2008; Greer & Brunet 
2009; Fontana et al. 2010; Kenyon 2010; Lopez-Otin et al. 2013). One of the earliest milestones in 
this field was the discovery of the IIS pathway as a key player in lifespan determination in C. elegans 
(Figure 1.9) (Kenyon et al. 1993). 
In C. elegans, mutations that decrease the activity of daf-2 can double lifespan (Kenyon et al. 1993). 
DAF-2 was characterized as a hormone receptor similar to the human insulin and IGF-1 receptors 
(Kimura et al. 1997). The lifespan extension caused by daf-2 mutation requires the activity of DAF-16, 
a FOXO-family transcription factor (Lin et al. 1997; Ogg et al. 1997). In fact, before the daf-2 
discoveries, it had already been reported that age-1 mutation extends lifespan of C. elegans by 30-
50% (Klass 1983; Friedman & Johnson 1988a; Friedman & Johnson 1988b), which was surprisingly 
proven to depend on the activity of DAF-16 as well (Dorman et al. 1995). Thus, a major lifespan 
regulatory pathway was discovered and DAF-16 seemed to act as a node for a diverse set of signals 
and stress-response pathways targeting various downstream genes. The binding of insulin-like 
molecules to DAF-2 activates a cascade of protein kinases, IRS/PI 3-kinase (AGE-1)/PDK/AKT(SGK) 
(Kenyon 2005) that affect the longevity of worms, partially by regulating the nuclear localization of 
DAF-16 (Lee et al. 2001; Lin et al. 2001). Using microarray analysis, Murphy et al. (2003) reported a 
set of DAF-16 target genes essential for longevity of daf-2 mutants, including antioxidant genes, like 
superoxide dismutase, catalases, and glutathionine S-transferase, as well as small heat-shock 
proteins, antimicrobial peptides, chaperones and lipases (Murphy et al. 2003). It was concluded that 
longevity is not affected by one single gene, but by many, which tended to influence lifespan in a 
cumulative way. However, the expression pattern and function of most downstream genes still 
remains unclear, which leaves an open avenue for the future discovery (Kenyon 2010). 
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Figure 1.9 Overview of insulin/IGF-1 signaling in Caenorhabditis elegans aging.  
In daf-2/InR insulin-receptor mutants, insulin-like peptides (e.g., INS-7) secreted from neurons reach 
intestinal cells and block the canonical insulin-signaling pathway, which prevents DAF-16/FOXO from 
entering the nucleus. Other mechanisms of DAF-16/FOXO regulation include ubiquitination (RLE-1/E3 
ligase) and arginine methylation (PMRT-1/methylase). Nuclear-localized DAF-16/FOXO activity is 
enhanced by the action of SMK-1/SMEK and HSF-1, and is inhibited by HCF-1. The transcription 
factor SKN-1/Nrf is also required for longevity in daf-2/InR mutants. Collectively, these factors 
transcriptionally regulate multiple output processes as noted. Autophagy is another cellular process 
required for daf-2/InR mutants to live long. It is not yet known whether autophagy is a 
transcriptionally regulated process in daf-2/InR mutants (Lapierre & Hansen 2012). 
One gap in our understanding is what acts upstream of the DAF-2 insulin receptor to regulate its 
activity. The answer is presumably insulin-like ligands (Duret et al. 1998; Tatar 2002; Murphy et al. 
2003), but what regulates their synthesis and secretion? Many genes have been identified in C. 
elegans that affect the structure and function of broad sets of sensory neurons.  Mutations in some 
of these genes cause increased lifespan and do not seem to influence feeding rate, timing of 
development or fertility, suggesting that their effect on lifespan is relatively direct (Apfeld & Kenyon 
1999; Alcedo & Kenyon 2004; Lans & Jansen 2007). Environmental signals act through sensory 
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neurons to control lifespan. It is possible that insulin release is regulated by sensory neurons that 
respond to environmental cues, and that sensory defects reduce this release. The result is a partial 
failure in activation of the DAF-2 receptor. Additionally, other transcription factors have been shown 
to contribute to the longevity of daf-2 mutants, such as the heat-shock factor HSF-1 (Hsu et al. 2003; 
Morley & Morimoto 2004), and the xenobiotic-response factor SKN-1/Nrf2 (Bishop & Guarente 
2007b; Tullet et al. 2008) and the ER unfolded-protein-response regulator XBP-1 (Henis-Korenblit et 
al. 2010). Perhaps DAF-16/FOXO proteins are involved in many pathways with different functional 
outcomes that, together, produce a cumulative effect on the lifespan (Kenyon 2005). 
1.3.4 Protein homeostasis and aging 
Accumulating evidence suggests that the above-mentioned signaling pathways may converge on a 
limited number of key factors, like CBP-1 (Zhang et al. 2009) and HLH-30 (Lapierre et al. 2013a) or 
biological processes such as autophagy and protein translation (Hansen et al. 2007; Pan et al. 2007; 
Hansen et al. 2008; Lapierre et al. 2013b). For instance, up-regulation of autophagy through HLH-30 
is required for daf-2 mutant as well as DR-mediated longevity, like eat-2 (Hansen et al. 2007; Hansen 
et al. 2008; Lapierre et al. 2013a). Together with the key functions of DAF-16, SKN-1 and HSF-1 in 
cellular homeostasis (Lin et al. 1997; Murphy et al. 2003; Morley & Morimoto 2004; Bishop & 
Guarente 2007b), these findings emphasize the importance of protein homeostasis in aging. 
Generally, cells have evolved elaborate families of chaperones and quality control networks that can 
resolve damage at the level of the protein, organelle, cell, or tissue. At the smallest scale, the 
integrity of individual proteins is monitored during their synthesis. On a larger scale, cells use 
compartmentalized defenses and networks of communication, capable of signaling between cells, to 
respond to changes in proteomic health. Together, these layered defenses help in protecting the 
cells from accumulation of damaged proteins (Taylor & Dillin 2011; Taylor et al. 2014). 
The notion that stress responses and cellular homeostasis are to some degree under the regulation 
of cell non-autonomous neurosecretory mechanisms, was initially proposed for the heat-shock 
response and the subject has been extensively reviewed recently (Morimoto 2011). Similarly, the 
topic of stress responses in general and the unfolded protein response in particular has a rich 
abundance of excellent reviews (Prahlad & Morimoto 2011; Walter & Ron 2011; Pellegrino et al. 
2013; Taylor et al. 2014). 
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1.4 Aging is a primary risk factor for age-related diseases 
1.4.1 Age-related diseases 
Age-related diseases are diseases that increase in frequency with age. Essentially, they are to be 
distinguished from the aging process itself, because aging is a inevitable biological process (as 
described above), but not all adults experience all age-associated diseases, even though aging itself 
sometimes may be considered as a disease (De Grey 2003). Age-related diseases do not refer to age-
specific diseases, such as the chicken pox in childhood and measles. Thus, age-related diseases here 
refer to diseases of the elderly, e. g. atherosclerosis, cardiovascular diseases, cancer, arthritis, 
diabetes, hypertension and neurodegenerative diseases like Alzheimer's disease ((Gems 2014; Longo 
et al. 2015)). Intrinsic biological aging is the major risk factor for these diseases and their incidence 
increases rapidly with age. The Age-Specific 'Surveillance, Epidemiology, and End Results' (SEER) 
program has indicated that the occurrence of cancer (number of people per 100,000) in USA from 
2003 to 2007 is quite age-dependent (Figure 1.10). 
 
Figure 1.10 Age is a great risk factor for cancer incidence (data from SEER). 
1.4.2 Dietary and pharmaceutical interventions 
The striking success of genetic aging research in model organisms has not yet been matched by 
investigations of the maintenance of structure and function in various organs/tissues, which will 
provide seminal insights into the molecular mechanisms underlying pathogenesis of age-related 
diseases (Martin 2011). Modeling a human disease in C. elegans is most straight forward if the drug 
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target is conserved between the two species. As described, ~38% of total protein-coding genes 
(20,250 as predicted) in C. elegans have human orthologs as determined in a meta-analysis using 
data generated by four bioinformatic programs (Shaye & Greenwald 2011). The most profound 
implication from the link between aging and age-related diseases is that successful delay of aging 
would simultaneously delay the onset and progression of each of these diseases, which will provide 
a much more effective approach for improving healthy life, relative to strategies aimed at treating or 
curing individual diseases (Morley & Morimoto 2004; Kaeberlein et al. 2015). 
1.4.2.1 Interventions for preventing aging and age-related diseases 
More understanding of downstream genes regulating longevity may allow us to explore novel 
strategies for combating aging and age-related diseases (Kenyon 2005; Kenyon 2010; Kaeberlein et 
al. 2015). The first steps towards translation of these findings into clinical applications are ongoing 
and possible strategies targeting aging are summarized below in Table 1.2. 
Dietary restriction (DR) is still proven to be the most effective intervention for delaying aging and 
the onset of age-related diseases in animals (Fontana et al. 2010; Omodei & Fontana 2011). Based 
on the intensive studies in laboratory model organisms, including non-human primates, DR extends 
both the lifespan and healthspan (Colman et al. 2014). Besides, limited studies in people who 
practise DR also indicate important health benefits, including reduced risks for diseases (Omodei & 
Fontana 2011; Fontana & Partridge 2015). DR is not a possible approach at the population level, but 
recent studies are in search for small-molecule DR mimics (e.g. activators of sirtuins and resveratrol) 
and dietary modifications (e.g. low-carbon diets, intermediate fasting) that would not require a 
reduction food consumption to have the beneficial effects of DR on aging. 
Both short-term and long-term exercise has been proven to be beneficial for health, especially the 
enhancement of healthspan. In support of this, studies on the basic biology of exercise have 
provided mounting evidence that both quality and amount of mitochondria in the human body is 
improved by exercise and multiple biological factors and pathways involved in longevity are also 
responsible for the beneficial effects of exercise (Hawley et al. 2014) (Figure 1.11). 
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Figure 1.11 A scheme of the major signaling pathways involved in the control of skeletal muscle 
hypertrophy and mitochondrial biogenesis (Hawley et al. 2014). 
Chemical compounds  that mimic some of the beneficial effects of DR include 2-deoxyglucose (2-DG) 
(Roth et al. 2001; Ingram et al. 2004; Roth et al. 2005; Ingram et al. 2006), metformin (Dhahbi et al. 
2005; Onken & Driscoll 2010; Martin-Montalvo et al. 2013), and resveratrol (Howitz et al. 2003) 
(Figure 1.12). 2-DG induces some physiological changes like DR: inhibited glycolysis, increased insulin 
sensitivity and reduced glucose levels (Duan & Mattson 1999). It was also reported to extend the 
lifespan of C. elegans (Schulz et al. 2007). Metformin is widely used anti-diabetic drugs. Metformin 
improves healthspan in mice and may slightly extend worm lifespan (De Haes et al. 2014), whereas 
acarbose markedly extends lifespan in male mice and modestly extends lifespan in female mice 
(Harrison et al. 2014). Clinically, metformin-treated diabetic patients have reduced mortality 
(Bannister et al. 2014). Surprisingly, metformin also decreases tumor incidence and seems promising 
for prevention and therapy for multiple cancers (Anisimov et al. 2005a; Anisimov et al. 2005b; Rizos 
& Elisaf 2013; Anisimov 2016). Resveratrol extends lifespan of a wide range of species, including 
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yeast, worms, flies, fish and mice on a high fat diet ((Howitz et al. 2003; Wood et al. 2004; Valenzano 
et al. 2006; Bass et al. 2007; Gruber et al. 2007), although it causes opposite results under some 
circumstances (Bass et al. 2007; Pearson et al. 2008). Intriguingly, 2-DG, resveratrol, and metformin 
have all been shown to activate AMPK (Baur et al. 2006; Dasgupta & Milbrandt 2007; Hardie 2007; 
Hwang et al. 2007). Resveratrol has also been proposed to activate SIRT1/SIR-2.1 (Wood et al. 2004; 
Viswanathan et al. 2005), while 2-DG was shown to act through AMPK/AAK-2, but not SIR-2.1 in C. 
elegans (Schulz et al. 2007). Thus, AMPK plays a pivotal role in mediating the lifespan extension 
induced by DR mimics. 
Rapamycin, a drug commonly used as an immunosuppressant in connection with kidney 
transplantations, is produced by a species of Streptomyces isolated from Easter Island. It extends 
lifespan in simple organisms like yeast and worms and also promotes healthspan in mice via 
inhibition of the target of rapamycin (TOR) signal transduction pathway (Powers et al. 2006; Harrison 
et al. 2009; Johnson et al. 2013). Treatment beginning late in life is sufficient to extend lifespan, 
reverse cardiac decline, and improve immune function in mice (Johnson et al. 2013). A recent study 
also reported that a rapamycin derivative significantly boosts immune function in elderly people 
(Mannick et al. 2014). 
NAD precursors and sirtuin activators 
Nicotinamide adenine dinucleotide (NAD) precursors such as nicotinamide riboside (NR) and 
nicotinamide mononucleotide (NMN) have been reported to extend lifespan of C. elegans and 
improve healthspan in mouse models (Mitchell et al. 2014; Verdin 2014; Verdin 2015). The 
mechanism of action remains unclear, but it may involve activation of sirtuin, activation of UPRmt 
and FOXO, conferring enhanced mitochondrial function (Guarente 2008; Mouchiroud et al. 2013; 
Imai & Guarente 2014). 
Hormonal and circulating factors 
It has been well documented that hormone levels decline significantly with age, including sex-
steroids, growth hormone, and insulin-like growth factor 1 (IGF-1). It has been proposed to supply 
individuals with exogenous hormones to delay aging. However, the risks and benefits of hormone 
supplementation in aging remain largely controversial (Zouboulis & Makrantonaki 2012). As 
discussed in the review by (Goodell & Rando 2015), heterochronic parabiosis experiments in which 
the circulatory system of an aged mouse is shared with that of a young mouse suggest that 
additional, more subtle hormonal factors such as growth differentiation factor 11 (GDF11) affect 
age-associated declines in several tissues, including the brain, muscle, liver, and heart (Conboy et al. 
2013; Bitto & Kaeberlein 2014). 
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Figure 1.12 Possible mechanisms of three potential anti-aging chemicals, rapamycin, metformin 
and resveratrol (Mair & Dillin 2008). 
Modifiers of senescence cell and telomere dysfunction 
As discussed above, telomere dysfunction is a major cause of cell senescence, and strategies to 
enhance telomerase function offer promise for improving healthspan (Bernardes de Jesus et al. 2012; 
Blackburn et al. 2015), although the possibility of increased cancer risk must be addressed. Likewise, 
genetic and pharmacological strategies to target and kill senescent cells enhance lifespan (Baker et 
al. 2011; Zhu et al. 2015). 
Table 1.2 Possible dietary and pharmaceutical interventions to improve healthspan and life quality. 
Strategy Chemicals 
Possible longevity 
genes or pathways 
Effects on 
physiology 
Reference 
DR or 
modification of 
diet 
 
AMPK, PGC-1, 
mTOR, IGF-1 
Mitochondrial 
proliferation; 
Anti-aging 
(Fontana & 
Partridge 
2015; 
Kaeberlein 
et al. 2015) 
DR mimics 
2-deoxyglucose (2-
DG) , Metformin and 
acarbose, etc. 
AMPK, 
mitohormesis 
2-DG: glycolysis 
inhibitor; 
metformin: 
(Ingram et 
al. 2004; 
Roth et al. 
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antiglycemic 
drug; anti-aging 
2005; 
Ingram et al. 
2006; Onken 
& Driscoll 
2010; 
Martin-
Montalvo et 
al. 2013; De 
Haes et al. 
2014) 
Exercise  
AMPK, PGC-1, 
mTOR, IGF-1 
(Figure 1.6) 
Improved 
mitochondrial 
function, 
immunity 
(Hawley et 
al. 2014) 
mTOR inhibitors rapamycin mTOR 
Immunity 
inhibition; anti-
aging 
(Johnson et 
al. 2013) 
Modifiers of 
senescence and 
telomere 
maintenance 
ABT263 Induce apoptosis 
Anti-aging, anti-
cancer, removal 
of senescent cells 
(Baker et al. 
2011; 
Campisi & 
Robert 2014; 
Zhu et al. 
2015) 
Hormonal and 
circulating factors 
IGF-1, GH, TGF-1, 
GDF11, estrogen 
 
Largely 
controversial 
(Goodell & 
Rando 2015) 
NAD precursors 
and sirtuin 
activators 
NAD, NR, NMN, 
resveratrol 
UPRmt, 
mitohormesis 
Improved 
mitochondrial 
function, anti-
aging 
(Mouchiroud 
et al. 2013; 
Imai & 
Guarente 
2014; Verdin 
2014; Verdin 
2015) 
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1.5 Objectives and outline of the thesis 
Enormous efforts have been invested in search for the molecular mechanisms of dietary restriction 
(DR)-mediated longevity in the past decades. Particularly, in C. elegans, a broad range of DR 
regimens have been proposed and they all extend lifespan to various degrees by separate or 
partially overlapping molecular pathways (Greer & Brunet 2009). Axenically cultured worms share 
many characteristic traits with worms subjected to DR: slowed development, reduced fecundity, a 
slender appearance, and prolonged lifespan, and hence the term axenic dietary restriction (ADR) is 
often applied (Vanfleteren & Braeckman 1999; Houthoofd et al. 2002; Castelein et al. 2014a). 
Although the C. elegans lifespan is dramatically extended under ADR, the underlying molecular 
mechanism still remains enigmatic. In this study, we aimed to explore the genetic basis of ADR-
induced longevity and illustrate the physiological adaptations of ADR worms. 
Earlier, we found that ADR-mediated longevity is independent of Ins/IGF-1 signaling and eat-2 
(Houthoofd et al. 2002). The only gene reported to be indispensable for the ADR lifespan effect is 
cbp-1, encoding the worm ortholog of p300/ CBP (CREB-binding protein) (Zhang et al. 2009), and this 
was confirmed in this study. Since some key factors (e.g. PHA-4 and SKN-1) involved in other DR 
regimens-mediated longevity have been identified, we first attempted to perform a genetic screen 
of these targeted candidate genes under ADR condition. The results presented in chapter 2 clearly 
demonstrated that ADR is probably distinct from other DR regimens, which provides a general work 
frame for further investigation on molecular genetics of ADR-induced longevity.  
Both cell autonomous and cell non-autonomous regulation of longevity have been observed while 
characterizing longevity genes. For instance, DAF-16 functions mainly in the intestine and neurons to 
modulate organismal aging (Apfeld & Kenyon 1998; Wolkow et al. 2000). Therefore, we are 
interested to investigate the tissue-specific role of CBP-1 in ADR-induced longevity, because cbp-1 is 
one of a few key genes in ADR-induced longevity. Due to embryonic lethality of cbp-1 loss-of-
function alleles, we thus combined tissue-specific RNAi in adulthood and behavioral assays to study 
how CBP-1 regulates ADR-induced longevity in various tissues. The results are presented in chapter 3. 
Previously, enhanced mitochondrial function and increased mitochondrial density in ADR worms 
have been observed (Castelein et al. 2008; Castelein et al. 2014b), suggesting a critical role of 
mitochondria in ADR-induced longevity. In chapter 4, we tested this hypothesis by focusing at 
multiple mitochondrial signaling pathways, such as the mitochondrial unfolded protein response 
(UPRmt), mitohormesis and mitophagy.  
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To further understand the transcriptional changes of axenically cultured worms, we performed an 
RNAseq study, described in chapter 5, to uncover genes that are differentially expressed and that 
may represent physiological changes in ADR worms. In chapter 6, continuing the story of CBP-1 
described in chapter 3, we performed another genetic screen of candidate genes targeting 
neurotransmitters and four proprotein convertases (KPC-1, BLI-4, EGL-3 and AEX-5), which are 
involved in neuroendocrine signaling. Preliminary results were shown and discussed in the chapter. 
Chapter 7 provides a general discussion of our results and a proposed model, supplemented with 
some interesting perspectives for future investigation. 
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Abstract 
In C. elegans, there are several ways to impose dietary restriction (DR) all of which extend lifespan to 
a different degree. Until recently, the molecular mechanisms underlying the DR-mediated lifespan 
extension were completely unknown but extensive efforts led to the identification of several key 
players in this process. Culture in sterile axenic medium is a method of DR (ADR), leading to an 
impressive doubling of lifespan. Earlier, we established that ADR-mediated longevity is independent 
of ins/IGF signaling and eat-2. The only gene reported to be indispensable for the ADR lifespan effect 
is cbp-1 (Zhang et al. 2009) which was confirmed in this study. In an attempt to identify more genes 
involved in ADR-mediated longevity, we tested several candidate genes known to regulate lifespan 
extension in other DR regimens. We found that cup-4 is equally important as cbp-1 in ADR-mediated 
longevity and we identified some genes that may contribute to ADR-induced longevity, but are not 
required for the full lifespan effect. 
Keywords 
Caenorhabditis elegans, Dietary restriction, Axenic culture, Molecular mechanism, Lifespan 
extension 
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2.1 Introduction 
Dietary restriction (DR), the restriction of nutrients without malnutrition, has been shown to extend 
lifespan in a wide variety of species (Masoro 2005). In C. elegans, several methods to impose DR 
were developed and they all extend lifespan to a different degree (reviewed in (Greer & Brunet 
2009)). The standard food source for C. elegans in laboratory cultures is the bacterium Escherichia 
coli, of which the OP50 strain is most often used (Brenner 1974). The most straightforward DR 
method is reduction of the amount of bacteria, termed bacterial dilution, which can be conducted 
either in liquid (BDR) (Klass 1977) or on solid agar culture (sDR) (Greer et al. 2007a). Other plate 
methods are peptone dilution (PD) which leads to reduction of bacterial growth (Hosono et al. 1989), 
dietary deprivation (DD,) which is the total absence of bacteria (Kaeberlein et al. 2006; Lee et al. 
2006) and intermittent fasting (IF), in which worms are fed only every other day (Honjoh et al. 2009). 
Mutation in the gene eat-2 decreases food intake by reducing pharyngeal pumping rate and is often 
used as well (Avery 1993; Lakowski & Hekimi 1998). DR-like phenotypes can also be induced using 
chemically defined or undefined liquid media in the absence of bacteria, called axenic dietary 
restriction (ADR) (Vanfleteren 1976). 
Until recently, it was completely unknown which signaling pathways are possibly involved in the DR-
mediated lifespan extension. Using BDR and the eat-2 mutant, (Bishop & Guarente 2007b) showed 
that the transcription factor SKN-1 in the ASI neurons is indispensable and other transcriptional 
regulators, such as PHA-4, HIF-1, HSF-1 and CBP-1, which were identified as important players 
mediating the DR effect (Panowski et al. 2007; Steinkraus et al. 2008; Chen et al. 2009; Zhang et al. 
2009). Furthermore, other genes, including the energy sensor aak-2 (Greer et al. 2007a) and two 
downstream targets of SKN-1, cup-4 and nlp-7 (Park et al. 2010) are involved in the lifespan-
extending effect of DR. However, the overview in (Greer & Brunet 2011) indicates that none of these 
genes is equally important in all DR methods, suggesting that different DR methods may activate 
(partially) separate pathways, instead of a single universal DR pathway, to extend lifespan. 
ADR worms share the typical characteristic traits of worms subjected to other DR methods: slowed 
development, reduced fecundity and prolonged lifespan (Vanfleteren 1976; Houthoofd et al. 2002). 
Since axenic medium is rich in peptides and amino acids, carbohydrate, vitamins and minerals, it is 
unclear why culturing worms in this medium leads to such an extensive lifespan extension. C. 
elegans is a filter-feeder, taking in fluids containing suspended particles and spitting out the fluid 
while retaining the particles (Avery 1993). In axenic medium, there are no suspended particles of 
bacterial size and worms probably encounter difficulties taking up nutrients from this medium, 
leading to DR. Although unconfirmed, it has been suggested that axenic culture induces a failure of 
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endocytotic uptake of nutrients in the intestinal lumen (Vanfleteren 1974; Vanfleteren 1980). It is 
likely that ADR-cultured worms experience cues of a rich nutritious environment but are unable to 
take up these nutrients efficiently. Furthermore, the ADR-mediated longevity may be partially 
mediated by the absence of the harmful effects of proliferating E. coli. It has been shown that 
prevention of bacterial proliferation can extend lifespan (Gems & Riddle 2000; Garigan et al. 2002). 
However, this cannot completely account for the effects of culture in axenic medium, since the 
magnitude of lifespan increase in axenic medium (~100%) is larger than that resulting from bacterial 
killing (20-40%) (Gems & Riddle 2000; Garigan et al. 2002). 
Previously, it was shown that ADR-induced longevity is still occurring in daf-16, daf-2 and eat-2 
mutants. Culturing eat-2 mutants in axenic medium extends lifespan even further, suggesting that  
both DR methods act through separate molecular mechanisms (Houthoofd et al. 2003). Recently, 
(Zhang et al. 2009) established that ADR-mediated lifespan extension is almost completely abolished 
in the absence of CBP-1 and that this gene is indispensable for lifespan extension by other DR 
methods as well. This was the first report on a gene indispensable for ADR-mediated lifespan 
extension. With our study, we attempt to identify more genes that underlie the molecular 
mechanism of ADR-mediated longevity. 
We were able to confirm that CBP-1 is required for ADR-mediated lifespan extension and found that 
CUP-4 is equally important. In addition, we identified several other genes which may have a partial 
effect on ADR-mediated longevity. 
2.2 Materials and Methods 
C. elegans and RNAi strains. 
The wild-type (WT) C. elegans used was Bristol N2 male stock (Caenorhabditis Genetics Center).  The 
mutant alleles were aak-2(ok524), cup-4(ok837), ucp-4(ok195), crh-1(tz2), hif-1(ia4), hsf-1(sy441), 
trx-1(ok1449), cep-1(gk138), jnk-1(gk7), and sir-2.1(ok434) and were provided by the CGC. skn-
1(zu135);nT1[qIS51] was a kind gift from N. Bishop and nlp-7(tm2984) was provided by the National 
Bioresource project. Most alleles are the result of deletions and are considered null alleles. hsf-
1(sy441) and skn-1(zu135) are the result of a substitution and are considered nonsense alleles. 
cbp-1 and pha-4 dsRNA expressing bacterial strains were from the genomic RNAi library (produced 
by J. Ahringer at the Wellcome/CRC Institute).  As a control, the bacterial strain containing the empty 
vector L4440 was used. 
Axenic culture conditions 
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Axenic basal medium consists of 3% soy peptone (Sigma-Aldrich, St. Louis, MO) and 3% yeast extract 
(Becton-Dickinson, Franklin Lake, NJ), final concentrations (f.c.). Since C. elegans is not capable of 
haem synthesis, after autoclaving, the basal medium was supplemented with 0.05% haemoglobin 
f.c. (bovine; Serve, Heidelberg, Germany) diluted from a 100x stock in 0.1M KOH (autoclaved for 10 
minutes). To obtain solid plates containing axenic medium, 2% agar N°1 (f.c.) (OXOID, Hampshire, 
United Kingdom) was added to the above described composition.  
In the rich axenic medium bacteria can grow rapidly. Hence, it is important to handle all equipment 
in a sterile manner and therefore all preparations were made in a laminar flow cabinet to ensure 
sterility. When using axenic solid plates for lifespan determination, the assay was set-up with a 
sufficient number of worms (double compared to fully fed or axenic liquid conditions), as they tend 
to crawl off the plates in search of food. 
Before starting the lifespan assays, all WT and mutant strains, except for WT worms that are used for 
RNAi treatment, are cultured in liquid axenic medium from egg until adulthood. This medium needs 
supplementation skimmed milk to 20% final concentration to allow faster developmental rates 
(Houthoofd et al. 2002). 
Lifespan determination 
For the lifespan assays, gravid WT and mutant adults were subjected to a microbleaching procedure.  
Approximately ten worms were brought in a drop of 10 µL sterile distilled water. Ten microliter of a 
concentrated bleach solution (stock concentration 13.5° hypochlorite and 1M NaOH) was added and 
left to incubate until all adults were dissolved or for maximally ten minutes. Then 5 mL of axenic 
medium containing 20% sterile skimmed milk was added. The eggs were allowed to hatch and were 
incubated at 20°C until adulthood. At L4 stage, 100 µM of FUdR was added to prevent progeny 
production. At adulthood, worms were transferred and exposed to the experimental conditions. 
For RNAi experiments, N2 worms were first grown to adulthood on standard nutrient agar plates 
seeded with the E. coli OP50 bacteria. RNAi was carried out following standard bacterial feeding 
protocols (Timmons et al. 2001) in these young adult worms for five days before they were 
transferred to the experimental conditions. 
For each strain, ten worms were placed on small NGM plates seeded with Escherichia coli OP50 as 
fully fed (FF) control. For ADR, ten worms were placed on axenic plates, prepared as described by 
(Lenaerts et al. 2008) (ADR solid; ADRs) or three worms were transferred with sterile Pasteur 
pipettes to small screw-cap tubes (5 mL tube, 75x12 mm, PS, Sarstedt, Nümbrecht, Germany) 
containing 0.3 mL of liquid axenic medium (ADR liquid; ADRl). To prevent bacterial contamination, 
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0.1 g/L (final concentration) ampicillin was added to the axenic conditions containing RNAi treated 
worms. Progeny production was avoided by the addition of 200 µM and 100 µM FUdR to the FF and 
ADR cultures, respectively. Survival was scored at regular time intervals: daily for the FF conditions, 
every other day for the ADR conditions.  In solid conditions, worms were considered dead if they did 
not respond to gentle prodding with a platinum wire. In liquid conditions, worms were scored dead 
if no movement could be detected, even after gently tapping the tubes. Worms that died of 
ruptured vulva or crawling off the plates were censored. All lifespan assays were conducted at 20°C. 
Data analysis 
For statistical analysis of the obtained data, we used the online application for survival analysis 
(OASIS) as described by (Yang et al. 2011). The relative importance of a certain gene to the lifespan-
extending effect of ADR was calculated as: 
                       
        
        
  
       
      
  
 
In which N2(FF) is the mean lifespan of wildtype under fully-fed conditions and Mut(ADR) is the 
mean lifespan of the mutant under axenic dietary restriction.  A gene that does not contribute to the 
lifespan extension under ADR will have a relative importance of 0, a gene that is fully responsible for 
this effect will have a relative importance of 1. Because this formula cannot take into account 
complex genetic interactions, the calculated relative importance values may exceed the [0,1] interval.  
To assess whether the relative importance differs significantly from 0, the one-sample t-test was 
used. We used a Student’s t-test to assess whether the relative importance of two genes differs 
significantly. 
For the analysis of differences in ADRl- and ADRs-induced lifespan extension, data of all wild-type 
survival assays were pooled (16 experiments). The relative lifespan extension was calculated and 
averaged and a t-test was performed to assess whether the difference between ADRl- and ADRs-
treated worms was statistically significant. 
2.3 Results and Discussion 
Axenic dietary restriction is usually performed in liquid culture (ADRl) while standard lifespan assays 
of fully-fed (FF) C. elegans are carried out on solid plates. Therefore, we decided to also include ADR 
lifespan experiments in which the axenic medium was solidified with agar (ADRs). ADRs survival data 
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are lacking for the nlp-7 mutant and both RNAi experiments as too many worms crawled off the 
axenic plates. 
2.3.1 Transcriptional regulators: CRH-1, CBP-1, CEP-1, SKN-1, HSF-1 and HIF-1. 
A large number of transcriptional regulators have been shown to play a role in lifespan extension.  As 
described above, the histone acetyltransferase CREB-binding protein, or CBP-1, is the first gene 
shown to be almost completely indispensable for the ADR-mediated lifespan effect in C. elegans.  
Furthermore, this protein was found to be of importance in other DR regimens, such as eat-2 and 
BDR, as well.  Longevity of the Insulin/IGF mutant daf-2 was also shown to be dependent on CBP-1, 
suggesting that the importance of CBP-1 is not strictly specific to DR (Zhang et al. 2009).  We were 
able to confirm the pivotal role of cbp-1 for the longevity effect of ADR (Figure 2.1A).  Although 
worms submitted to cbp-1 RNAi still displayed a minor lifespan extension under ADRl (P < 0.0001), 
the effect of culture in ADRl was much less pronounced than for worms treated with the empty 
vector, reflected in the high relative importance of cbp-1 (0.67 P = 0.0165; Figure 2.3). Although cpb-
1 knock down does not completely abolish lifespan extension in ADR conditions, it impacts lifespan 
to such an extent that cbp-1 can be considered as possibly important for ADR-induced longevity. 
CBP-1 was first identified as a nuclear protein important for co-activation of CREB, the cAMP 
response-element binding protein. In C. elegans, the CREB gene homologue, crh-1, was shown to be 
involved in the lifespan extension caused by AMPK activation and calcineurin deactivation (Mair et al. 
2011). The fact that cbp-1 is involved in ADR-mediated longevity and that it activates crh-1 suggests 
that crh-1 may be a key player in ADR lifespan extension as well.  Our results show that, crh-1 only 
slightly rescues the lifespan effect of ADR (ADRl P < 0.05, ADRs P = 0.0003).  The relative importance 
of crh-1 is low but significantly different from 0 for ADRl-mediated longevity (ADRl 0.25, P = 0.034; 
ADRs 0.37, P = 0.21; Figure 2.3), indicating that it is unlikely that CBP-1 exerts its effect mainly 
through CRH-1 activation (Figure 2.1B; Table 2.1). Although CRH-1 is not a major contributor, its 
partial effect may point out that it is one of the downstream effectors mediating ADRl-induced 
longevity. 
CBP-1 was originally identified as CREB co-activator but it is involved in the transcriptional co-
activation of many other transcription factors as well, among which p53 (Grossman 2001; Lee et al. 
2010). In C. elegans, it was shown that  CBP-1 acts as a co-activator for CEP-1-induced germline 
apoptosis (Schumacher et al. 2001).  Moreover, a link between p53 and lifespan was established 
when it was found that a p53 gain-of-function mutation in mice causes premature aging and reduced 
longevity (Tyner et al. 2002). In C. elegans, decreased expression of cep-1 was found to induce 
lifespan extension (Arum & Johnson 2007) and (Ventura et al. 2009) showed that the cep-1-
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mediated lifespan response to mitochondrial dysfunction depends on the level of mitochondrial 
stress. Therefore, we considered cep-1 a good candidate for involvement in ADR-mediated longevity.  
We found that mutation in cep-1 has no effect on lifespan in both FF and ADRl conditions, reflected 
in a low relative importance of 0.04 (P = 0.25, Figure 2.3). Under ADRs, cep-1 lifespan was extended 
beyond the dietary-matched control (P =0.0001), indicating that under these conditions cep-1 is 
unimportant for lifespan extension (relative importance -0.5, P = 0.34; Figure 2.3). These findings 
exclude CEP-1 as the main regulator of ADR-mediated lifespan extension (Figure 2.1C; Table 2.1) and 
in ADRs, it seems that CEP-1 negatively influences lifespan. 
SKN-1 is an important transcription factor involved in the control of the oxidative stress response 
and because oxidative stress is considered a key cause of aging, it was proposed that SKN-1 may be a 
determining factor for aging (An & Blackwell 2003). Indeed, loss of SKN-1 in the ASI neurons 
impaired the response to dietary restriction by BDR and eat-2 mutation ((Bishop & Guarente 2007b)). 
However, SKN-1 is not necessary for sDR- or IF-induced longevity (Greer & Brunet 2009; Honjoh et al. 
2009). (Park et al. 2009) identified two downstream targets of SKN-1, NLP-7 and CUP-4, that are 
required for normal lifespan and appear to be partially necessary for sDR- and eat-2-induced lifespan 
extension (Park et al. 2010). Our results show that both ADR conditions extend lifespan of skn-1 
mutants significantly (P < 0.0001) and the mutant does not display any lifespan shortening effects in 
these conditions, suggesting that SKN-1 is dispensable for ADR-mediated lifespan extension (Figure 
2.1D, Table 2.1). This is reflected by the low and non-significant relative importance of skn-1 for the 
longevity effect of ADR (ADRl: -0.05, P = 0.69; ADRs: 0.17, P = 0.058; Figure 2.3). One of the 
downstream targets of SKN-1, nlp-7, is slightly longer-lived than WT under ADRl  (P < 0.0001) (Figure 
2.1E; Table 2.1) and is relatively unimportant for the ADR-mediated effect (-0.27, P = 0.06; Figure 
2.3).  On the other hand and against expectations, cup-4 seems to be involved in the ADR-mediated 
effect. Although the cup-4 mutant shows lifespan extension under both ADR conditions (P < 0.0001 
for both ADRl and ADRs; Figure 2.1F; Table 2.1), cup-4 is of high relative importance for ADR-
mediated longevity (ADRl 0.65, P = 0.027; ADRs 0.59, P = 0.03; Figure 2.3), indicating that this gene is 
as important as cbp-1 for ADR-mediated lifespan extension (Student’s t-test P = 0.67). CUP-4 is a 
coelomocyte-specific ion channel, involved in endocytosis, a basic function required for 
internalization of the extracellular fluid, nutrient uptake and recycling of membrane components.  
We suspect that cup-4 is induced by signals other than those induced by the transcription factor 
SKN-1 and is one of the downstream players mediating lifespan extension. Contrary to the work of 
(Park et al. 2009), we did not find that NLP-7 and CUP-4 are required for normal lifespan but instead 
the mutations lead to no change or even a significant lifespan extension under FF conditions (P < 
0.0001 for cup-4), respectively.  The fact that we do not find the expected lifespan shortening effect 
  Chapter 2 
63 
 
for nlp-7 in FF conditions may provide an explanation why we found ADRl extends nlp-7 lifespan to a 
larger degree compared to WT worms. Culturing in axenic medium during juvenile stages may 
induce a lifespan extending effect, explaining the absence of a lifespan shortening effect of nlp-7 in 
FF conditions and maybe it is this effect we observe in ADRl conditions as well.  Taken together, 
these results indicate that it is unlikely that the complete SKN-1/CUP-4/NLP-7 pathway is activated 
by ADR in the same way as described by (Park et al. 2010). However, CUP-4 is probably one of the 
more important downstream mediators of the ADR effect. 
The transcription factor PHA-4 is a key transcription factor in pharynx development in C. elegans 
(Mango et al. 1994) and was shown to be indispensable for lifespan extension induced by eat-2 
mutation or BDR (Panowski et al. 2007) but is not necessary at all for the effects of sDR and IF (Greer 
& Brunet 2009; Honjoh et al. 2009). Upstream regulators of pha-4 are found to be the TOR pathway 
(Sheaffer et al. 2008) and E3 and E2 ubiquitin ligases wwp-1 and ubc-18. Furthermore, cup-4 was 
shown to be necessary for the induction of pha-4 mRNA, suggesting cup-4  is upstream of pha-4 
(Park et al. 2010). Under FF conditions, we found that pha-4 knockdown had a subtle lifespan 
shortening effect (P = 0.0158; Table 2.1; Figure 2.1G), which agrees with the findings of(Panowski et 
al. 2007). The ADRl-mediated lifespan extension was fully preserved after pha-4 RNAi treatment of 
the worms, indicating that pha-4 is of low relative importance for ADR-mediated longevity (-0.21; P = 
0.24; Figure 2.3). These results allow us to conclude that PHA-4 is dispensable for the ADRl-mediated 
effect. 
The hypoxia inducible transcription factor, HIF-1, is critical for the response to low oxygen 
concentrations.  A loss-of-function mutation, hif-1, is reported to extend lifespan and it was shown 
that this lifespan extension is no longer present under sDR. The upstream negative regulator of hif-1, 
egl-9, is partially necessary for longevity by sDR (Chen et al. 2009).  We could not confirm the 
lifespan extending effect of hif-1 in FF conditions.  In axenic conditions, hif-1 lifespan is extended in a 
similar way as WT worms (P < 0.0001 for both ADRl and ADRs) and the mutation had no lifespan 
shortening effect, resulting in a low relative importance (ADRl 0.09, P = 0.64; ADRs 0.08, P = 0.48; 
Figure 2.3). Although (Chen et al. 2009) found a role for HIF-1 in sDR, under ADR conditions we could 
not confirm that HIF-1 plays a major role in mediating the ADR effect (Figure 2.1H, Table 2.1). 
The heat shock transcription factor HSF-1 regulates the expression of many heat-inducible target 
genes, such as small heat shock proteins, and is involved in DR-induced lifespan extension by DD.  It 
was suggested that it concerts its action by improving protein homeostasis (Steinkraus et al. 2008).  
Furthermore, it was found that hsf-1 shortens lifespan in FF conditions.  In agreement with this study, 
we found that hsf-1 has a modest lifespan shortening effect in FF conditions (P = 0.0047).  In both 
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ADR conditions, hsf-1 lifespan is significantly extended (P < 0.0001 for both ADRl and ADRs), 
although not as much as in WT worms (Figure 2.2A, Table 2.1). This is reflected in the low relative 
importance of hsf-1 for ADR-mediated longevity, which does not differ significantly from 0 (ADRl 
0.22, P = 0.11; ADRs 0.23, P = 0.21; Figure 2.3), indicating that it is likely that the heat shock response 
is unimportant for the ADR effect. 
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Figure 2.1 The effect of gene knockdown on ADR-mediated longevity. 
A; cbp-1(RNAi), B; crh-1(tz2), C; cep-1(gk138), D; skn-1(zu135), E; nlp-7(tm2984), F; cup-4(ok837), G; 
pha-4 (RNAi), H; hif-1(ia4). FF is fully fed, ADRl is axenic dietary restriction in liquid medium, ADRs is 
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axenic dietary restriction on solid medium. The graphs show the average results of at least 2 
biological replicates. Numerical data is summarized in Table 2.1. 
2.3.2 The energy-sensing pathways: AAK-2 
The energy-sensing AMP-activated protein kinase (AMPK) is activated by low energy levels and other 
stimuli increasing the AMP:ATP ratio.  DR has been shown to increase this ratio (Greer et al. 2007a) 
and aak-2, one of the catalytic subunits of AMPK, was found to be necessary for the lifespan 
extending effect of sDR (Greer et al. 2007a; Greer & Brunet 2009), but not for the longevity induced 
by eat-2 (Greer & Brunet 2009) or IF (Honjoh et al. 2009).  Lifespan extension via bacterial dilution 
shows a partial dependence on AAK-2 (Greer & Brunet 2009; Mair et al. 2009).  Our results are in 
agreement with the latter studies as we found that mutation in aak-2 partially suppresses the ADR-
induced lifespan extension (P < 0.0001 for both ADRl and ADRs; Figure 2.2B; Table 2.1), indicating 
that aak-2 is relatively important for the ADR-induced effect, especially in ADRl conditions (ADRl: 
0.39, P = 0.002; ADRs 0.22, P = 0.13; Figure 2.3).  These results suggest a significant role for AAK-2 as 
one of the downstream mediators, at least for the ADRl-induced effect, but AAK-2 is not the central 
regulator of ADR-mediated longevity. 
SIR-2.1 is a NAD-dependent protein deacetylase of the sirtuin family and has been proposed to sense 
the cell’s metabolic state via changes in NAD:NADH ratio (Guarente 2005). The sir-2.1 gene was 
found to be necessary for lifespan extension induced by the eat-2 mutation in one study (Wang & 
Tissenbaum 2006), while another study yielded opposite results (Hansen et al. 2007). SIR-2.1 is not 
necessary for lifespan extension induced by sDR (Greer et al. 2007a), DD (Kaeberlein et al. 2006), IF 
(Honjoh et al. 2009) and BDR (Mair et al. 2009). We found a similar lifespan shortening effect of sir-
2.1 in FF conditions (P = 0.0017, Table 2.1, Figure 2.2C) as described by (Wang & Tissenbaum 2006). 
In both ADRl and ADRs conditions, the lifespan of sir-2.1 is increased, but not to the same extent as 
for wild type worms (P < 0.0001, Table 2.1, Figure 2.2C). Although sir-2.1 mutation does not fully 
abolish ADR-mediated lifespan extension, SIR-2.1 seems to be an important downstream mediator 
of the ADR effect (relative importance: ADRl 0.29, P = 0.007; ADRs 0.3, P = 0.024; Figure 2.3). 
Together with the effect of aak-2 described above, these results suggest a role for energy sensing as 
a downstream mechanism to mediate ADR-mediated longevity. 
2.3.3 Other genes involved in lifespan regulation: trx-1, jnk-1 and ucp-4 
Specific sensory cues may play an important role in mediating the ADR effect, indicating that genes 
involved in the aging process and expressed in sensory neurons, such as SKN-1, are good candidate 
effectors of ADR-induced longevity. trx-1 encodes a thioredoxin expressed in the ASJ neurons, as 
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well as in the proximal intestine (Jee et al. 2005). Thioredoxins act as anti-oxidants by reducing 
disulfide bonds in targeted proteins. Furthermore, they were shown to be involved in the aging 
process, since their overexpression extends lifespan in C. elegans and trx-1 deletion was proven to 
shorten adult lifespan combined with an increased sensitivity to oxidative stress (Jee et al. 2005; 
Miranda-Vizuete et al. 2006). (Fierro-Gonzalez et al. 2011) showed that TRX-1 is indispensable for 
lifespan extension induced by the eat-2 mutation, as well as by DD. Although trx-1 lifespan is 
significantly extended in both ADR conditions (P < 0.0001 for both ADRl and ADRs), we found that a 
mutation in the trx-1 gene leads to a subtle decrease in longevity compared to the WT under ADR (P 
< 0.0001 for both ADRl and ADRs; Figure 2.2D and Table 2.1) and its relative importance is rather low 
(ADRl 0.16, P = 0.22; ADRs 0.18, P = 0.12; Figure 2.3). This questions the importance of trx-1 for the 
lifespan-extending effect of ADR. 
jnk-1 encodes a serine/threonine kinase and is the sole C. elegans member of the c-JUN N-terminal 
kinase (JNK) subgroup of the mitogen activated protein (MAP) kinases.  It is activated in response to 
various environmental stress signals, including oxidative stress.  Like TRX-1, JNK-1 was also shown to 
be a positive regulator of lifespan (Oh et al. 2005) and is mainly expressed in neuronal cells 
(Kawasaki et al. 1999). We found that jnk-1 lifespan is extended by ADR (P < 0.0001 for both ADRl 
and ADRs; Figure 2.2E) and the relative importance of jnk-1 for the ADR-mediated effect is low for 
both ADR conditions (ADRl 0.15, P = 0.15; ADRs -0.03, P = 0.82; Figure 2.3). Contrary to the findings 
of (Oh et al. 2005), FF jnk-1 did not display reduced lifespan. From these results, it is clear that JNK-1 
does not contribute to ADR-mediated longevity, and is not a downstream effector. 
ucp-4 encodes an uncoupling protein related to mammalian uncoupling protein 4, also known as 
solute carrier family 25. Consistent with the predicted uncoupling function, ucp-4 animals display 
elevated ATP levels, but the mutation has no effect on lifespan (Iser et al. 2005). The Uncoupling-to-
Survive hypothesis states that mild uncoupling contributes to DR-mediated lifespan extension by 
limiting excessive ROS production (Brand 2000). Therefore, mutation in ucp-4 may possibly reduce 
lifespan under ADR conditions. We found that ucp-4 lifespan is still extended in both ADR conditions 
(P < 0.0001 for both ADRl and ADRs) and this extension is slightly but significantly reduced compared 
to the extension seen in WT worms, but only under ADRs conditions (P < 0.0001; Figure 2.2F). 
However, the relative importance of ucp-4 for ADR-induced longevity indicates that UCP-4 is 
dispensable for this effect (ADRl -0.02, P = 0.95; ADRs 0.24; P = 0.095). These results allow us to 
conclude that UCP-4, and consequently uncoupling, does not play a major role in ADR-mediated 
longevity and are in agreement with recent studies that do not support or remain inconclusive on 
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whether oxidative damage plays a major role as a cause of aging (Gems & Doonan 2009; Lapointe & 
Hekimi 2010; Back et al. 2012b). 
 
Figure 2.2 The effect of mutation in: A; hsf-1(sy441),B; aak-2(ok524),C; sir-2.1(ok434), D; trx-
1(ok1449), E; jnk-1(gk7), and F; ucp-4(ok195), on ADR-mediated longevity. FF is fully fed, ADRl is 
axenic dietary restriction in liquid medium, ADRs is axenic dietary restriction on solid medium. The 
graphs show the average results of 3 biological replicates. Lifespan data is summarized in Table 2.1. 
  Chapter 2 
69 
 
Table 2.1 Mean Lifespan of pooled data 
Strain Experiment Mean 
Lifespan 
(±SD days) 
#sample 
size/# trials 
P-valuea 
 
P-valueb,c 
L4440 RNAi FF 
ADRl 
24.25±0.28 
39.27±1.00 
379/3 
239/3 
 
P < 0.0001 
 
cbp-1 RNAi FF 
ADRl 
14.81±0.14 
18.10±0.24 
278/3 
345/3 
 
P < 0.0001 
P < 0.0001c 
P < 0.0001c 
pha-4 RNAi FF 
ADRl 
23.39±0.33 
40.17±0.96 
189/3 
275/3 
 
P < 0.0001 
P = 0.0158c 
N2 
 
FF 
ADRl 
ADRs 
16.55±0.31 
30.19±0.67 
33.73±0.92 
268/3 
255/3 
324/3 
 
P < 0.0001 
P < 0.0001 
 
P = 0.0130b 
cep-1 
 
FF 
ADRl 
ADRs 
16.34±0.43 
29.23±0.62 
39.92±1.05 
188/2 
182/2 
259/2 
 
P < 0.0001 
P < 0.0001 
 
P < 0.0001b 
P = 0.0001c 
crh-1 FF 
ADRl 
ADRs 
17.81±0.28 
28.81±0.46 
30.51±0.53 
199/2 
177/2 
251/2 
 
P < 0.0001 
P < 0.0001 
 
P < 0.05b,c 
P = 0.0003c 
jnk-1 FF 
ADRl 
 
ADRs 
16.18±0.33 
27.36±0.57 
 
34.28±0.85 
295/3 
255/3 
 
359/3 
 
P < 0.0001 
 
P < 0.0001 
 
P < 0.0001b 
P = 0.0057c 
 
N2 FF 
ADRl 
ADRs 
16.31±0.37 
29.22±0.56 
32.79±0.96 
290/3 
262/3 
395/3 
 
P < 0.0001 
P < 0.0001 
 
P = 0.0004b 
hif-1 FF 
ADRl 
ADRs 
16.23±0.33 
27.9±0.62 
30.66±0.84 
275/3 
249/3 
362/3 
 
P < 0.0001 
P < 0.0001 
 
P = 0.014b 
 
hsf-1 FF 
ADRl 
 
ADRs 
15.46±0.3 
25.22±0.48 
 
26.95±0.55 
298/3 
253/3 
 
398/3 
 
P < 0.0001 
 
P < 0.0001 
P = 0.0047c 
P = 0.0269b 
P < 0.0001c 
P < 0.0001c 
trx-1 FF 
ADRl 
ADRs 
15.35±0.25 
25.51±0.51 
27.56±0.42 
302/3 
256/3 
363/3 
 
P < 0.0001 
P < 0.0001 
P = 0.0002c 
P < 0.0001c 
P < 0.0001c 
N2 FF 
ADRl 
15.15±0.25 
28.73±0.52 
463/4 
385/4 
 
P < 0.0001 
 
nlp-7 FF 
ADRl 
15.84±0.21 
33.91±0.56 
487/4 
409/4 
 
P < 0.0001 
 
P < 0.0001c 
N2 FF 
ADRl 
ADRs 
16±0.34 
37.16±1.04 
47.15±1.03 
292/3 
295/3 
287/3 
 
P < 0.0001 
P < 0.0001 
 
P = 0.006b 
 
aak-2 FF 
ADRl 
 
ADRs 
11.76±0.17 
21.2±0.44 
 
30.15±0.88 
302/3 
300/3 
 
299/3 
 
P < 0.0001 
 
P < 0.0001 
P < 0.0001c 
P < 0.0001b 
P < 0.0001c 
P < 0.0001c 
cup-4 FF 
ADRl 
19.28±0.36 
27.62±0.49 
301/3 
299/3 
 
P < 0.0001 
P < 0.0001c 
P < 0.0001b 
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ADRs 
 
34.01±0.49 
 
301/3 
 
P < 0.0001 
P < 0.0001c 
P < 0.0001c 
N2 FF 
ADRl 
ADRs 
16.46±0.38 
38.50±1.10 
45.34±1.06 
299/3 
298/3 
293/3 
 
P < 0.0001
 
P < 0.0001 
 
ucp-4 FF 
ADRl 
ADRs 
17.48±0.38 
40.27±0.94 
40.14±0.54 
302/3 
299/3 
306/3 
 
P < 0.0001
 
P < 0.0001 
 
P = 0.0204b 
P < 0.0001c 
skn-1;nT1 FF 
ADRl 
ADRs 
13.20±0.33 
28.54±0.84 
35.77±1.61 
223/3 
225/3 
224/3 
 
P < 0.0001
 
P < 0.0001 
 
P = 0.0001b
 
 
skn-1 FF 
ADRl 
ADRs 
13.25±0.35 
27.98±0.78 
35.43±1.59 
224/3 
225/3 
224/3 
 
P < 0.0001
 
P < 0.0001 
 
P < 0.0001b 
N2 FF 
ADRl 
ADRs 
15.05±0.26 
28.94±0.51 
30.59±0.47 
429/4 
384/4 
686/4 
 
P < 0.0001
 
P < 0.0001 
 
sir-2.1 FF 
ADRl 
ADRs 
13.93±0.23 
23.59±0.37 
24.29±0.38 
478/4 
207/4 
731/4 
 
P < 0.0001
 
P < 0.0001 
P = 0.0017c
 
P < 0.0001c
 
P < 0.0001c 
Mean lifespan is represented as the average of at least 2 biological replicates. Notes: P-value 
compared to a own FF control, b ADRs conditions, c to N2 FF, ADRs or ADRl conditions. 
2.3.4 Axenic culture during juvenile stages possibly affects adult lifespan in 
certain mutants. 
We noticed that for some genes (nlp-7, cup-4, hif-1, cep-1 and jnk-1) literature reports a lifespan 
effect in FF culture conditions, which we could not reproduce in our experiments.  An important 
difference and possible explanation is that, in our experimental setup, juveniles were raised in 
axenic medium until adulthood, before transfer to the experimental (FF and ADR) conditions.  If 
worms were grown on E.coli plates and subsequently transferred to the ADR conditions, even the 
slightest trace of residual bacteria would easily overgrow the worms because of the nutritious 
environment and thereby compromising the long-term axenic culture. We cannot dismiss the 
possibility that this may have caused the discripancies with earlier studies. 
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Figure 2.3 Relative importance of candidate genes for ADR-mediated longevity. 
A value of 0 indicates that the gene is unimportant for the ADR-mediated effect. A value of 1 
signifies that the gene is fully responsible for the ADR-mediated lifespan extension. A negative value 
suggests that the wild-type allele of the gene has a negative influence on ADR-induced longevity. The 
bars represent mean relative importance from at least 2 biological replicates ± SEM. *P < 0.05, 
**P < 0.01. 
2.3.5 ADRs extends lifespan even further compared to ADRl. 
ADRs conditions extend lifespan 30% further compared to ADRl conditions (P = 0.036; Figure 2.4).  
We believe that ADRs is even a more stringent form of DR than the liquid condition because worms 
may have more problems extracting nutrients from the solid plates in which the nutrients are caught 
in the agar matrix than from the liquid medium which can be taken up easily. 
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Figure 2.4 Lifespan extension in ADRl and ADRs conditions relative to FF control. 
Values represent mean relative lifespan extension from 16 biological WT survival assays ± SEM. 
*P < 0.05 
2.4 Conclusion 
Both liquid and solid ADR significantly extend lifespan in all WT and mutant strains (Table 2.1).  
Equally relevant effects on lifespan were found for cbp-1 and cup-4, indicating that these genes play 
an important role in the ADR-mediated effect. Furthermore, sir-2.1 and aak-2 were identified as 
possible downstream mediators of ADR-induced longevity. Although the results point towards a 
possible involvement of these genes in ADR-mediated longevity, they have to be interpreted with 
care. Interactions between mutation and diet may occur and loss of certain genes may have more 
deleterious effects on worm health under ADR conditions. As suggested in (Greer & Brunet 2011), it 
is very likely that the DR induced lifespan extension is not mediated by a single signaling pathway, 
but that several pathways act together as a DR network. Our results are in agreement with this 
statement since some genes involved in the lifespan extension of other DR regimens have only a 
partial effect on lifespan here. Currently, it remains unclear which molecular mechanism is at the 
foundation of the ADR-induced twofold lifespan extension. Although we screened for many 
candidate genes, the set was incomplete and we hope that further extensive screening will result in 
identification of the molecular mechanism downstream from CBP-1, clarification of the role of CUP-4 
and possibly the tissue specificity of involved genes. 
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Strain Biological 
replicate 
Experiment Mean 
Lifespan 
(±SD days) 
#sample size P-valuea 
 
P-valueb,c 
L4440 
RNAi 
1 FF 
ADRl 
24.73±0.65 
42.27±2.11 
85 
45 
 
P < 0.0001 
 
 2 FF 
ADRl 
25.42±0.60 
35.83±1.53 
84 
102 
 
P < 0.0001 
 
 3 FF 
ADRl 
23.55±0.50 
41.50±1.59 
105 
92 
 
P < 0.0001 
 
cbp-1 
RNAi 
1 FF 
ADRl 
15.24±0.26 
17.50±0.29 
76 
130 
 
P < 0.0001 
P < 0.0001c 
P < 0.0001c 
 2 FF 
ADRl 
15.57±0.31 
17.33±0.33 
85 
111 
 
P < 0.0001 
P < 0.0001c 
P < 0.0001c 
 3 FF 
ADRl 
14.18±0.18 
19.57±0.57 
117 
104 
 
P < 0.0001 
P < 0.0001c 
P < 0.0001c 
pha-4 
RNAi 
1 FF 
ADRl 
22.79±0.51 
39.66±1.84 
76 
60 
 
P < 0.0001 
P = 0.0052c 
 2 FF 
ADRl 
23.79±0.57 
38.00±1.63 
66 
121 
 
P < 0.0001 
P = 0.047c 
 3 FF 
ADRl 
23.44±0.66 
43.48±1.43 
47 
94 
 
P < 0.0001 
 
N2 
 
1 FF 
ADRl 
ADRs 
16.09±0.43 
31.80±1.39 
32.92±1.60 
95 
76 
95 
 
P < 0.0001 
P < 0.0001 
 
 
 2 FF 
ADRl 
ADRs 
16.57±0.55 
28.63±0.99 
32.42±1.33 
113 
102 
160 
 
P < 0.0001 
P < 0.0001 
 
 3 FF 
ADRl 
ADRs 
17.10±0.58 
30.89±1.13 
38.49±1.73 
60 
77 
69 
 
P < 0.0001 
P < 0.0001 
 
P = 0.0148b 
cep-1 
 
1 FF 
ADRl 
 
ADRs 
14.64±0.65 
27.55±0.87 
 
42.27±1.86 
89 
78 
 
100 
 
P < 0.0001 
 
P < 0.0001 
 
P < 0.0001b 
P = 0.001c 
P = 0.001c 
 2 FF 
ADRl 
ADRs 
17.95±0.57 
30.48±0.82 
38.57±1.25 
99 
104 
159 
 
P < 0.0001 
P < 0.0001 
 
P < 0.0001b 
P = 0.01c 
crh-1 1 FF 
ADRl 
ADRs 
16.51±0.39 
28.31±0.65 
30.62±0.95 
96 
76 
95 
 
P < 0.0001 
P < 0.0001 
 
P = 0.0391c 
 
 2 FF 
ADRl 
ADRs 
19.02±0.34 
29.53±0.99 
30.53±0.64 
103 
100 
158 
 
P < 0.0001 
P < 0.0001 
 
 
P = 0.089c 
jnk-1 1 FF 
ADRl 
ADRs 
17.31±0.46 
29.41±1.09 
33.44±1.75 
95 
75 
96 
 
P < 0.0001 
P < 0.0001 
 
 
 2 FF 
ADRl 
 
ADRs 
15.47±0.65 
28.63±0.99 
 
32.42±1.33 
103 
103 
 
173 
 
P < 0.0001 
 
P < 0.0001 
 
P < 0.0001b 
P = 0.07c 
 
 3 FF 15.81±0.54 97   
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ADRl 
ADRs 
27.47±1.07 
33.89±1.61 
75 
90 
P < 0.0001 
P < 0.0001 
P = 0.006b 
 
N2 1 FF 
ADRl 
ADRs 
17.89±0.36 
31.44±1.10 
38.54±2.03 
90 
85 
96 
 
P < 0.0001 
P < 0.0001 
 
P = 0.0037b 
 2 FF 
ADRl 
ADRs 
15.31±0.72 
30.24±0.96 
29.21±1.34 
103 
76 
122 
 
P < 0.0001 
P < 0.0001 
 
 
 3 FF 
ADRl 
ADRs 
15.87±0.72 
26.81±0.81 
31.14±1.38 
97 
101 
177 
 
P < 0.0001 
P < 0.0001 
 
P = 0.01b 
hif-1 1 FF 
ADRl 
ADRs 
14.94±0.51 
28.75±1.10 
32.48±1.8 
91 
75 
86 
 
P < 0.0001 
P < 0.0001 
P = 0.0004c 
 
 2 FF 
ADRl 
ADRs 
16.51±0.54 
30.34±1.30 
31.66±1.14 
91 
75 
125 
 
P < 0.0001 
P < 0.0001 
 
 
 3 FF 
ADRl 
ADRs 
17.07±0.6 
25.70±0.84 
28.52±1.53 
93 
99 
151 
 
P < 0.0001 
P < 0.0001 
 
 
hsf-1 1 FF 
ADRl 
 
ADRs 
17.8±0.33 
26.31±0.93 
 
33.91±0.81 
89 
74 
 
98 
 
P < 0.0001 
 
P < 0.0001 
 
P < 0.0001b 
P = 0.0005c 
P = 0.059c 
 2 FF 
ADRl 
ADRs 
14.05±0.51 
26.14±0.92 
26.61±0.97 
107 
79 
122 
 
P < 0.0001 
P < 0.0001 
 
P = 0.04c 
 
 3 FF 
ADRl 
ADRs 
14.67±0.55 
23.74±0.65 
22.37±0.58 
102 
100 
178 
 
P < 0.0001 
P < 0.0001 
 
P = 0.0045c 
P < 0.0001c 
trx-1 1 FF 
ADRl 
ADRs 
17.10±0.36 
29.35±0.89 
30.71±0.69 
100 
75 
93 
 
P < 0.0001 
P < 0.0001 
 
 
P = 0.002c 
 2 FF 
ADRl 
ADRs 
13.96±0.42 
23.70±0.84 
25.36±0.76 
108 
78 
123 
 
P < 0.0001 
P < 0.0001 
 
P < 0.0001c 
P = 0.0125c 
 3 FF 
ADRl 
ADRs 
14.80±0.46 
24.12±0.78 
27.00±0.61 
94 
103 
147 
 
P < 0.0001 
P < 0.0001 
 
 
P = 0.002c 
N2 1 FF 
ADRl 
15.38±0.50 
29.58±1.13 
134 
101 
 
P < 0.0001 
 
 2 FF 
ADRl 
15.74±0.46 
31.93±1.21 
115 
97 
 
P < 0.0001 
 
 3 FF 
ADRl 
15.69±0.53 
27.50±0.93 
96 
95 
 
P < 0.0001 
 
 4 FF 
ADRl 
13.28±0.51 
26.95±0.91 
118 
92 
 
P < 0.0001 
 
nlp-7 1 FF 
ADRl 
17.00±0.32 
35.63±1.63 
145 
100 
 
P < 0.0001 
 
P = 0.0114c 
 2 FF 
ADRl 
16.25±0.36 
35.91±1.02 
127 
105 
 
P < 0.0001 
 
P = 0.0503c 
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 3 FF 
ADRl 
14.51±0.49 
31.32±0.93 
108 
105 
 
P < 0.0001 
 
P < 0.0208c 
 4 FF 
ADRl 
15.25±0.49 
33.48±0.93 
107 
99 
 
P < 0.0001 
 
P = 0.0001c 
N2 1 FF 
ADRl 
ADRs 
16.22±0.68 
35.67±1.83 
46.88±1.53 
97 
99 
96 
 
P < 0.0001 
P < 0.0001 
 
 
 2 FF 
ADRl 
ADRs 
16.01±0.59 
38.23±1.86 
46.34±1.69 
95 
96 
95 
 
P < 0.0001 
P < 0.0001 
 
 
 3 FF 
ADRl 
ADRs 
15.73±0.47 
37.66±1.72 
48.60±2.22 
100 
100 
96 
 
P < 0.0001 
P < 0.0001 
 
 
aak-2 1 FF 
ADRl 
 
ADRs 
12.03±0.32 
21.23±0.77 
 
30.84±1.13 
100 
100 
 
99 
 
P < 0.0001 
 
P < 0.0001 
P < 0.0001c 
P < 0.0001b 
P < 0.0001c 
P < 0.0001c 
 2 FF 
ADRl 
 
ADRs 
11.41±0.29 
20.78±0.73 
 
31.02±2.04 
101 
101 
 
100 
 
P < 0.0001 
 
P < 0.0001 
P < 0.0001c 
P < 0.0001b 
P < 0.0001c 
P < 0.0001c 
 3 FF 
ADRl 
ADRs 
11.88±0.28 
21.64±0.82 
27.14±1.57 
101 
99 
100 
 
P < 0.0001 
P < 0.0001 
P < 0.0001c 
P < 0.0001c 
P < 0.0001c 
cup-4 1 FF 
ADRl 
 
ADRs 
17.21±0.47 
25.31±0.87 
 
34.96±0.68 
99 
99 
 
102 
 
P < 0.0001 
 
P < 0.0001 
P < 0.0001c 
P < 0.0001b 
P < 0.0001c 
P < 0.0001c 
 2 FF 
ADRl 
 
ADRs 
23.05±0.55 
27.85±0.77 
 
32.19±0.88 
98 
100 
 
96 
 
P < 0.0001 
 
P < 0.0001 
P < 0.0001c 
P = 
0.00251b 
P < 0.0001c 
P < 0.0001c 
 3 FF 
ADRl 
 
ADRs 
17.21±0.56 
29.74±0.87 
 
34.61±0.96 
104 
100 
 
103 
 
P < 0.0001 
 
P < 0.0001 
P < 0.0001c 
P = 0.0013b 
P < 0.0001c 
P < 0.0001c 
N2 1 FF 
ADRl 
ADRs 
16.22±0.68 
35.67±1.83 
46.88±1.53 
97 
99 
96 
 
P < 0.0001
 
P < 0.0001 
 
 2 FF 
ADRl 
ADRs 
17.23±0.74 
42.43±2.10 
42.80±1.68 
102 
99 
101 
 
P < 0.0001
 
P < 0.0001 
 
 3 FF 
ADRl 
ADRs 
15.73±0.47 
37.66±1.72 
48.60±2.22 
100 
100 
96 
 
P < 0.0001
 
P < 0.0001 
 
ucp-4 1 FF 
ADRl 
ADRs 
16.06±0.51 
43.44±1.54 
41.51±0.85 
103 
101 
104 
 
P < 0.0001
 
P < 0.0001 
 
P = 0.0489b 
P < 0.0001c 
 2 FF 
ADRl 
16.49±0.71 
42.07±1.72 
100 
99 
 
P < 0.0001
 
 
P < 0.0001b 
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ADRs 36.94±0.68 102 P < 0.0001 P < 0.0001c 
 3 FF 
ADRl 
ADRs 
19.68±0.67 
35.27±1.48 
44.08±1.22 
99 
99 
100 
 
P < 0.0001
 
P < 0.0001 
P < 0.0001c 
P = 0.05b 
P = 0.056c 
skn-1;nT1 1 FF 
ADRl 
ADRs 
16.01±0.68 
36.03±1.68 
44.4±2.97 
59 
60 
61 
 
P < 0.0001
 
P < 0.0001 
 
P = 0.027b 
 2 FF 
ADRl 
ADRs 
11.70±0.46 
25.86±1.12 
27.58±2.03 
81 
82 
82 
 
P < 0.0001
 
P < 0.0001 
 
 3 FF 
ADRl 
ADRs 
12.68±0.47 
25.21±1.22 
41.81±2.21 
83 
83 
81 
 
P < 0.0001
 
P < 0.0001 
 
P = 0.0003b 
skn-1 1 
 
 
FF 
ADRl 
ADRs 
15.58±0.64 
34.12±1.62 
48.11±1.98 
60 
58 
60 
 
P < 0.0001
 
P < 0.0001 
 
P < 0.0001b 
 2 FF 
ADRl 
ADRs 
11.62±0.46 
23.67±0.89 
24.96±1.60 
82 
82 
80 
 
P < 0.0001
 
P < 0.0001 
 
 
 3 FF 
ADRl 
ADRs 
13.27±0.60 
27.70±1.27 
38.12±3.66 
82 
85 
84 
 
P < 0.0001
 
P < 0.0001 
 
P = 0.0019b 
N2 1 FF 
ADRl 
ADRs 
15.74±0.46 
31.93±1.21 
31.25±0.88 
115 
97 
172 
 
P < 0.0001
 
P < 0.0001 
 
 2 FF 
ADRl 
ADRs 
16.29±0.50 
30.36±1.04 
31.21±0.95 
100 
100 
167 
 
P < 0.0001
 
P < 0.0001 
 
 3 FF 
ADRl 
ADRs 
15.69±0.53 
27.5±0.93 
29.83±0.91 
96 
95 
177 
 
P < 0.0001
 
P < 0.0001 
 
 4 FF 
ADRl 
ADRs 
13.28±0.51 
26.95±0.91 
30.49±1.03 
118 
92 
170 
 
P < 0.0001
 
P < 0.0001 
 
sir-2.1 1 FF 
ADRl 
ADRs 
14.37±0.37 
25.05±0.71 
26.15±0.88 
122 
103 
167 
 
P < 0.0001
 
P < 0.0001 
 
P < 0.0001c
 
P < 0.0001c
 
 2 FF 
ADRl 
ADRs 
15.80±0.34 
24.42±0.70 
23.89±0.67 
119 
102 
191 
 
P < 0.0001
 
P < 0.0001 
 
P < 0.0001c
 
P < 0.0001c 
 3 FF 
ADRl 
ADRs 
14.00±0.41 
22.75±0.79 
24.22±0.60 
114 
103 
202 
 
P < 0.0001
 
P < 0.0001 
P = 0.0013c
 
P = 0.0002c
 
P < 0.0001c 
 4 FF 
ADRl 
ADRs 
13.21±0.43 
22.32±0.70 
23.50±0.77 
123 
99 
171 
 
P < 0.0001
 
P < 0.0001 
 
P < 0.0001c
 
P < 0.0001c 
Mean lifespan is represented per biological replicate. Notes: P-value compared to a own FF control, b 
ADRs conditions, c to N2 FF, ADRs or ADRl conditions. 
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Abstract 
In C. elegans, axenically cultured worms show dietary restriction (DR)-like phenotypes, such as 
slowed development and a slender body, and hence the term axenic dietary restriction (ADR) is 
often applied. Interestingly, a more profound lifespan extension under ADR has been observed 
compared to other DR regimens like bacterial dilution and eat-2 mutation. However, the underlying 
molecular mechanisms still remain elusive. The gene cbp-1, encoding the worm ortholog of p300/ 
CBP (CREB-binding protein), is one of the very few key genes known to be essential for ADR longevity. 
Due to embryonic lethality of cbp-1 loss-of-function alleles, the details of CBP-1 in regulating 
longevity is yet unknown. Here, we combined tissue-specific RNAi and behavioral studies to 
demonstrate that CBP-1 functions in neurons, intestine and germline to regulate longevity under 
fully-fed conditions. Furthermore, neuronal CBP-1 is required for ADR longevity. Particularly, 
GABAergic neurons play an important role in CBP-1-dependent ADR longevity. In addition, our 
chemotaxis assays illustrate that both systemic and neuronal inactivation of CBP-1 affect the 
animals' food sensing behavior. Although it is not yet clear how CBP-1 functions in neurons to 
influence longevity, our results provide new insights on CBP-1 action in regulating ADR-induced 
longevity. 
 
Keywords 
Axenic culture, CBP-1, GABAergic neurons, Lifespan extension, C. elegans 
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3.1 Introduction 
Reducing food intake without malnutrition extends lifespan in a wide variety of species, ranging 
from single-celled organisms to mammals (Kenyon 2010; Wuttke et al. 2012). How dietary restriction 
(DR) increases lifespan and decreases the onset of age-related diseases are questions of major 
interest in biomedical research. Research in model organisms has provided seminal information on 
the genetic pathways involved in the pro-longevity effect of dietary restriction (Bishop & Guarente 
2007b; Panowski et al. 2007; Mair & Dillin 2008; Fontana et al. 2010; Fontana & Partridge 2015). In C. 
elegans, a broad range of DR regimens have been used and they all extend lifespan to various 
degrees by separate or partially overlapping molecular pathways (Greer & Brunet 2009). Apart from 
bacteria-based methods, dietary restriction can also be obtained by culturing worms in sterile, 
chemically defined or undefined liquid media (Vanfleteren 1976; Lu & Goetsch 1993). Axenically 
cultured worms show DR-like phenotypes such as slowed development, reduced fecundity, a slender 
appearance, and prolonged lifespan. Hence the term axenic dietary restriction (ADR) is often applied 
(Vanfleteren & Braeckman 1999; Houthoofd et al. 2002). 
ADR-induced longevity may be distinct from lifespan extension caused by most other forms of DR, as 
its effect is unusually large and independent of most key factors such as DAF-16, PHA-4 and SKN-1 
(Houthoofd et al. 2002; Castelein et al. 2014a). Up till now, the underlying molecular mechanisms 
supporting this robust longevity effect still remain enigmatic. Our recent results confirmed an earlier 
study showing that CBP-1, the worm ortholog of p300/CBP (cAMP response element binding (CREB)-
binding protein) homolog, is one of the very few genes of which RNAi knockdown in adults 
completely blocks ADR-induced lifespan extension (Zhang et al. 2009; Castelein et al. 2014a). 
CBP-1 is a transcriptional coactivator with histone aceytltransferase (HAT) activity and it is 
predominantly localized in the nuclei of most if not all somatic cells (Shi & Mello 1998; Victor et al. 
2002; Eastburn & Han 2005). CBP-1 acts as a master regulator of longevity by different interventions 
and it exhibits a neuron-protective effect during normal aging (Bates et al. 2006; Zhang et al. 2009). 
For example, CBP-1 is required for a few drugs to exhibit their potential for neuronal protection 
against glucose toxicity (Libina et al. 2003). It is also required for lifespan extension of mir-80 
mutants that show a DR-like phenotype (Vora et al. 2013). Lifespan extension by the DR mimetic D-
beta-hydroxybutyrate also depends on CBP-1 (Edwards et al. 2014). In addition, several proteins 
implicated in lifespan extension are CBP-1 binding partners, like DAF-16, HSF-1 and SKN-1 (Zhang et 
al. 2009; Chiang et al. 2012), suggesting that CBP-1 constitutes a common factor integrating multiple 
longevity pathways and ultimately supports healthy aging. Therefore, it is of great importance to 
investigate how CBP-1 regulates aging and its potential function in health and lifespan. 
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In this study, we investigated the tissue-specific role of CBP-1 and demonstrated that CBP-1 acts in 
GABAergic neurons, where it may be directly or indirectly involved in food sensing, to modulate 
ADR-induced longevity. 
3.2 Materials and Methods 
C. elegans culture and strains 
The wild-type (WT) C. elegans used was Bristol N2 male stock. The tissue-specific RNAi strains used 
in this study are listed in Supplemental table 3.1. The strain OD95 was used for reproductive system 
imaging (Green et al. 2011). All strains were obtained from the Caenorhabditis Genetics Center 
(CGC), Minneapolis, MN. The RNAi clone targeting cbp-1 was obtained from the Ahringer RNAi 
library (Kamath et al. 2003). The bacterial strain containing the empty vector L4440 was used as a 
control. 
General C. elegans culturing techniques were performed as previously described (Castelein et al. 
2014a). Briefly, for standard fully-fed (FF) cultures, eggs prepared by hypochlorite treatment of 
gravid adults were allowed to hatch overnight in S basal (Stiernagle 2006) and the resulting first 
stage larvae (L1) were inoculated onto nutrient agar (NA) plates seeded with Escherichia coli K12 
bacteria. For axenic dietary restriction (ADR), the basal medium consisted of 3% soy peptone (Sigma-
Aldrich, St. Louis, MO) and 3% yeast extract (Becton-Dickinson, Franklin Lake, NJ), final 
concentrations (f.c.), supplemented with 0.05% haemoglobin f.c. (bovine; Serve, Heidelberg, 
Germany) diluted from a 100x stock in 0.1M KOH (autoclaved for 10 minutes). Axenic medium is very 
rich in nutrients and easily gets contaminated. Hence, all equipment and preparations should be 
handled in a laminar flow cabinet to ensure sterility. 
RNAi treatment 
Worms were grown synchronously to young adult stage on nutrient agar (NA) plates seeded with 
Escherichia coli K12 bacteria in order to obtain sufficient worms to start up a lifespan assay. The day 
of L4-to-adult transition was designated as day 0 of adulthood (D0). Subsequently, RNAi treatment 
was carried out following standard bacterial feeding protocols (Timmons et al. 2001) for five days 
during early adulthood after which the worms were switched to their final dietary regimens.  
Lifespan assays 
After RNAi treatment, animals were collected for lifespan assays. To prevent bacterial contamination, 
0.1 g/L (final concentration, f.c.) ampicillin and 0.05 g/L (f.c.) kanamycin were added to the axenic 
medium. Progeny production was avoided by the addition of FUdR at 100 µM and 50 µM f.c. for fully 
fed (FF) and ADR, respectively. In the FF setup, approximately hundred worms per strain were placed 
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on small NGM plates (10 to 12 per plate) seeded with E. coli OP50. Worms were transferred to fresh 
NGM plates every week and survival was scored at regular time intervals. Individuals were 
considered dead if they did not respond to gentle prodding with a platinum wire.  For ADR, about 
hundred worms were transferred to small screw-cap tubes (3 to 5 worms per tube) containing 0.3 
mL of liquid axenic medium (ADR) and observed every other day. Worms were scored dead if no 
movement could be detected, even after gently tapping the tubes.  Worms that died of protruding 
vulva or crawling off the plates were censored. All lifespan assays were conducted at 20°C and were 
repeated at least twice independently (pooled data is shown). 
Data was analyzed using the online application for survival analysis (OASIS) described before (Yang 
et al., 2011). In all cases, lifespan data is indicated as mean ± s.e.m. and P-values were calculated 
using the log-rank (Mantel–Cox) method. To evaluate the impact of genes or treatments on lifespan 
extension, the lifespan extension by ADR was estimated by substracting the surfaces under the 
survival curves of ADR-treated and control populations (indicated as shadow area) and one-sample 
unpaired t-test was used for statistical analysis. 
Confocal imaging 
The transgenic reporter strain OD95 was used to observe germline morphology. Animals were grown 
synchronously to late L4 stage on NA plates seeded with the E. coli K12 bacteria. cbp-1 RNAi 
treatment was carried out on plates for two days after which worms were randomly picked for 
confocal imaging. A separate batch of worms was collected for hypochlorite treatment and eggs 
were imaged at regular time intervals over a 12-hour period. Images were taken with a Nikon C2 
confocal microscope using 488-nm excitation wavelength with a 520/30-nm band pass filter for 
green fluorescence and 561-nm excitation wavelength with a 605/55-nm band pass filter for red 
fluorescence. 
Chemotaxis Assay 
After a 5-day cbp-1 RNAi treatment (D1 to D5), animals were rinsed from the plates and washed 
three times with S basal. Worms were transferred to freshly prepared NGM solid plates for 
chemotaxis assays. Three types of behavioral assays (Margie et al. 2013) were performed as outlined 
in Figure 3.4. Briefly, a drop of freshly-cultured bacterial food (10 µl) served as an attractant, while 
distilled water was used as blank, respectively. To paralyze the animals reaching the spot of 
preference, 1 µl of 1M sodium azide was added to the mixtures prior to application to the plate. 
Around thirty to fifty worms were placed on the plate as indicated on the diagram (Figure 3.4) and 
the liquid was allowed to evaporate shortly in the laminar flow bench. Plates were sealed and kept 
for one hour in the incubator at 20 0C and later stored at 4 0C till scoring. 
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The chemotactic index (CI) was calculated to precisely evaluate the worms’ response to the food 
(Margie et al. 2013). In the type 1 assay, CI equals to the percentage of worms counted within the 
inner circle compared to the total number of worms present on the plate. For the type 2 assay, the 
number of worms in both control quadrants was subtracted from the number of worms in the test 
quadrants and this number was divided by the total number of worms that have left the central spot. 
In the third assay type, CI was calculated as the number of worms on the bacterial spot minus those 
on the blank spot, divided by the total number of scored worms on the plate. A score of +1.0 
indicates maximal attraction towards the target and represents 100% of the worms arriving in the 
quadrants containing the food or chemical target. An index of -1.0 is evidence of maximal repulsion. 
Thrashing and touch assays 
RNAi-treated animals were rinsed off the plates and washed three times with S-basal. Thrashing was 
measured by transferring individual adults (D6) into a drop of S-basal on an NGM plate at room 
temperature. After equilibrating for 30 s, the number of body bends was counted over a period of 30 
seconds. A single thrash was defined as a complete change in the direction of bending at the mid 
body (Boulias & Horvitz 2012). Rates were measured for at least 10 worms for each RNAi-treatment. 
Response to nose touch was measured as described (Firnhaber & Hammarlund 2013). In this assay, 
at least 20 animals were tested for each condition. 
Fertility assay 
Animals were grown synchronously to L4 stage on NA plates seeded with the E. coli K12 bacteria. 
Subsequently, individual L4 hermaphrodites were transferred to NGM plates with a 25 μL spot of 
bacteria expressing cbp-1 dsRNA. Animals were transferred to fresh plates daily during the 
reproductive period. After twenty-four hours incubation at 20 °C, hatched larvae and unhatched eggs 
on each plate were counted. Fertility was calculated as total hatched larvae per worm, while the 
fecundity was calculated as the total number of hatched and unhatched eggs produced. At least five 
worms from per replica (at least 3) were analysed for each strain and for each condition. 
3.3 Results 
3.3.1 Contribution of specific tissues to the cbp-1 phenotypes under fully-fed 
conditions 
Prior to studying the role of cbp-1 in ADR longevity, we analyzed the pleiotropic phenotypes of cbp-1 
knockdown under normal feeding conditions. Maternally provided CBP-1 regulates non-neuronal cell 
differentiation in early embryos and therefore null alleles result in sterility due to developmental 
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arrest (Shi & Mello 1998). We confirmed that this phenotype also occurs upon cbp-1 RNAi for two 
days starting at L4 stage (Figure 3.1). RNAi knockdown of cbp-1 is also known to decrease lifespan by 
approximately 30-40% due to unknown reasons (Zhang et al. 2009; Castelein et al. 2014a). As CBP-1 
is expressed in many (if not all) tissues (Shi & Mello 1998), it is not clear whether the sterility and 
lifespan phenotypes are linked to the lack of CBP-1 activity in specific overlapping or non-
overlapping tissues. 
 
Figure 3.1: knockdown of cbp-1 in the germline reduces fertility, not fecundity. 
(A) No difference on the total number of eggs laid once systemic knockdown of cbp-1 (A), but ; . (C) 
knockdown of cbp-1 does not disrupt germline morphology and structure (worm strain: OD95), but 
knockdown of cbp-1 prevent embryonic development. Germline morphology and egg development 
upon cbp-1 RNAi. Green: plasma membrane, red: chromosomes. Scale bar is 25µm. 
Therefore, we knocked down cbp-1 specifically in the neurons, intestine, germline, hypodermis, 
muscle, uterus and the mesoderm and somatic gonad precursor cells (SGPs) using tissue-specific 
RNAi strains (Table S3.1). cbp-1 knockdown in neurons and germline phenocopied the lifespan-
shortening effect (38% and 31%, respectively) of systemic RNAi (40%), indicating that CBP-1 activity 
in these tissues is crucial for normal lifespan. To a lesser extent, CBP-1 also acts in the intestine to 
influence lifespan, as indicated by the 24% lifespan reduction upon intestinal knockdown. In other 
tissues, cbp-1 RNAi had either a minor or no effect on lifespan (Figure 3.2A). Survival data is 
summarized in Table S3.2. 
Systemic RNAi knockdown of cbp-1 causes a >95% decrease in the number of hatched offspring 
(Figure 3.2B). Tissue-specific knockdown of cbp-1 in the germline completely phenocopies this 
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fertility defect while cbp-1 knockdown in the other tissues has no effect on fertility (Figure 1B). In 
accordance with the role of cpb-1 in early development, worm fecundity (number of eggs layed per 
worm) was unaltered upon cbp-1 knockdown (Figure 3.1A, B). Despite its clear effect on embryonic 
development, cbp-1 knockdown in adulthood has no obvious effect on gonad morphology (Figure 
3.1C). This observation contrasts with the decreased oocyte phenotype, observed earlier in cbp-
1(RNAi) worms (Green et al. 2011) and this may be due to the differences in the RNAi methods 
applied. 
In summary, RNAi knockdown of cbp-1 causes a decrease in lifespan mainly because of its vital 
functions in the neurons, germline and the intestine. The developmental arrest phenotype of cbp-1 
is exclusively dependent on its function in the maternal germline. Thus, the effect of CBP-1 on 
longevity can be uncoupled from its influence on reproduction, since loss of function in neurons and 
intestine has an effect on lifespan but not on reproduction. 
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Figure 3.2 Systemic and tissue-specific knockdown of cbp-1 differentially affect lifespan and 
fertility under fully-fed conditions. 
A: cbp-1 knockdown in neurons, germline and intestine shortens lifespan. Survival assays were 
performed using tissue-specific RNAi strains treated with cbp-1 RNAi during adulthood. B: cbp-1 
knockdown in neurons uncoupled longevity and reproduction, while CBP-1 in germline is required 
for reproduction, especially for embryonic development. Error bars are s.e.m. calculated from at 
least 3 independent replicates. * P< 0.05; ** P< 0.01; *** P< 0.001. 
3.3.2 Lifespan extension by axenic dietary restriction requires neuronal CBP-1 
CBP-1 is one of the very few factors known to be involved in ADR-induced lifespan extension (Zhang 
et al. 2009; Castelein et al. 2014a), which is reconfirmed in our experiments. More specifically, cbp-1 
is responsible for the full lifespan extension under ADR conditions (Figure 3.2A). We wondered 
whether the role of cbp-1 in ADR longevity is linked to one particular tissue. Hence, we set up 
survival assays in which we knocked down cbp-1 tissue-specifically during the first five days of 
adulthood (Table S3.1), after which worms were transferred to either axenic medium or the control 
medium containing normal bacterial food. 
Pan-neuronal knockdown of cbp-1 phenocopied the lifespan effect of systemic knockdown (Figure 
3.2B). In cbp-1 RNAi worms, lifespan extension by ADR was virtually absent (P< 0.01), indicating that 
CBP-1 functions in neurons to regulate ADR-induced longevity (Table 3.1, S3.2). As cbp-1 knockdown 
in the germline and intestine also influences lifespan under normal conditions (Figure 3.2A), we 
expected that cbp-1 RNAi in these tissues may also have a profound effect on ADR-mediated lifespan 
extension. However, this is not the case (Figure 3.3C, D): the relative lifespan extension by ADR upon 
cbp-1 RNAi indicates that cbp-1 inhibition in both intestine and germline only have marginal effect on 
ADR-induced longevity (Table 3.1, S3.2). 
Also in most other tissues tested, CBP-1 showed no contribution to the ADR lifespan effect (Figure 
3.3E-G; Table 3.1, S3.2). Only in uterine tissue, cbp-1 may be partially involved in ADR longevity 
(Figure 3.3H; Table 3.1, S3.2). 
We conclude that CBP-1 acts mainly in the neurons to modulate longevity in response to ADR 
treatment. It may be involved in the generation of a neuronal signaling cue in response to sensation 
of specific ADR compounds (or lack of bacterial compounds) that changes the worm’s systemic 
physiology and results in the dramatic lifespan extension seen under ADR. 
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Figure 3.3: Neuronal knockdown of cbp-1 completely blocks ADR-induced lifespan extension. 
A: Effect of systemic cbp-1 knockdown on survival under FF and ADR cconditions. B: Effect of 
neuronal cbp-1 knockdown on survival under FF and ADR cconditions. C-H: Effect of cbp-1 
knockdown in other tissues, germline (C), intestine (D), muscle (E), hypodermis (F), mesoderm and 
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SGPs (G), uterus (H) on survival under FF and ADR cconditions. All data was summarised in Table 3.1, 
S3.2. 
3.3.3 ADR longevity depends on CBP-1 activity in GABAergic neurons 
The C. elegans hermaphrodite contains 302 well-characterized neurons, including sensory neurons, 
interneurons and motor neurons (Hobert 2005). Several subclasses of worm neurons have been 
identified based on their neurotransmitters: acetylcholine (>90 neurons), serotonin (11), dopamine 
(8), tyramine (4), octopamine (2), glutamate (>72) and GABA (gamma-aminobutyric acid, 26) (Hobert 
2005; Chase & Koelle 2007). We asked whether ADR longevity is supported by CBP-1-mediated 
signaling in specific neuron types and therefore we used the currently available transgenic strains 
that allow cell-specific RNAi knockdown in GABAergic, cholinergic, dopaminergic or glutamatergic 
neurons (Firnhaber & Hammarlund 2013). The lifespan extending effect of ADR is completely 
abolished when cbp-1 is specifically knocked down in GABAergic neurons (Figure 3.4A; Table 3.1, 
S3.2). In contrast, we found that CBP-1 activity in cholinergic and dopaminergic neurons is not 
involved in ADR longevity (Figure 3.4B, C; Table 3.1, S3.2). It seems that CBP-1 may act in 
glutamatergic neurons to extend lifespan, but only to a very limited extent (Figure 3.4D, Table 3.1, 
S3.2). Intriguingly, cbp-1 RNAi in GABAergic neurons caused a slight but significant lifespan extension 
under fully-fed conditions (16%, P< 0.01) (Figure 3.4A). As the lifespan curves of the fully-fed and 
ADR worms treated with cbp-1 RNAi in the GABA neurons are almost identical, it seems that this 16% 
increase in lifespan maybe specific to the cbp-1 RNAi treatment in the GABAergic neurons and 
independent of ADR-mediated longevity. If this is the case, our results show that CBP-1 activity in 
GABAergic neurons is responsible for the full lifespan effect caused by ADR (Table 3.1, S3.2). 
Another striking observation was that cbp-1 RNAi in GABAergic, cholinergic, dopaminergic and 
glutamatergic neurons did not cause lifespan shortening (Figure 3.4), while pan-neuronal knockdown 
did (Figure 3.3B). The four subgroups of neurons we tested cover about 200 of the total of 302 
neurons in C. elegans. Therefore, it is likely that the lifespan-shortening effect of cbp-1 knockdown is 
located in the remaining neurons. 
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Figure 3.4 CBP-1 in GABAergic neurons is required for ADR longevity. 
A-D: Effect of cbp-1 knockdown on survival under FF and ADR cconditions, in GABAergic neurons (A), 
in dopaminergic neurons (B), in cholinergic neurons (C), in glutamatergic neurons (D). Lifespan 
extension was indicated as shadow area in color. All data was summarised in Table 3.1, S3.2. 
Of note, ADR-induced lifespan extension in the four neuron-specific RNAi strains is less outspoken 
compared to the wild type strain and other tissue-specific RNAi strains (compare Figures 3.3 and 3.4). 
In a control experiment, we directly transferred young adult worms (D0) from fully-fed conditions to 
ADR, skipping the standard five-day RNAi treatment during adulthood, and found similar lifespan 
extension as in the wild type strain (Figure 3.5). Hence, the five-day feeding with HT115 bacteria 
during early adulthood reduced the lifespan-extending effect of ADR in the strains. The reason for 
this dietary and genetic interaction is still unclear. 
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Figure 3.5: Survival curve of four neuron-type specific RNAi strains in fully-fed condition (FF) and 
axenic dietary restriction (ADR).  
A: GABAergic neurons; B: dopaminergic neurons; C: cholinergic neurons; D: glutamatergic neurons. 
Lifespan extension was indicated as shadow area in color. 
3.3.4 Neuronal knockdown of cbp-1 causes defects in bacterial food sensing 
During our lifespan experiments, we noticed that worms, treated with cbp-1 RNAi, were unable to 
localize the central bacterial food spot on the petri dish. This led us to investigate this intriguing 
phenotype into more detail, as it may link ADR-mediated longevity to neuronal food sensing, 
orchestrated by CBP-1. In order to quantify this phenomenon, we set up chemotaxis assays using 
bacterial food as an attractant. Confirming our initial observations, we found that cbp-1 RNAi caused 
defects in food sensing, as worms placed in four quadrants surrounding a central bacterial food spot 
showed a lower chemotaxis index (CI), compared to controls (Figure 3.6A, B). This defect was even 
stronger in the neuron-specific RNAi strain (Figure 3.6B). As locomotion is a critical factor in 
behavioral tests, we validated these results by two alternative experimental setups which are 
controlled for locomotion defects (Figure 3.6D, G). The results mirrored the first behavioral test, 
indicating that neuronal CBP-1 was required for correct food sensing (Figure 3.6E, H). Moreover, a 
thrashing assay showed no difference in body bending frequency between worms in which cbp-1 
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was knocked down in all neurons and empty-vector controls (Figure 3.7). This is consistent with 
unaltered activity observed in young cbp-1(RNAi) worms (Zhang et al. 2009). 
 
Figure 3.6: Chemotaxis assays with neuron-specific RNAi knockdown of cbp-1. 
A, D and G: behavioral assay types: (A) Chemotactic index (CI) equals to the percentage of worms 
counted within the inner circle compared to the total number of worms present on the plate. (D) CI 
is calculated as the number of worms in both control quadrants minus the number of worms in the 
test quadrants divided by the total number of worms that have left the central spot. (G) CI is 
calculated as the number of worms on the bacterial spot minus those on the blank spot, divided by 
the total number of scored worms on the plate. Unlike assay A, assays D and G take possible 
locomotion defects into account. B and C: CI of cbp-1 knockdown in neurons and subtype of neurons 
on the food sensing behavior based on assay 1 (A). E and FCI of cbp-1 knockdown in neurons and 
subtype of neurons on the food sensing behavior based on assay 2 (D). H and I: CI of cbp-1 
knockdown in neurons and subtype of neurons on the food sensing behavior based on assay 3 (G). 
Spot marked in black was test solution (bacteria/ diacetyl); spots marked white is control/ blank. 
Error bars are s.e.m. calculated from at least 3 independent replicates. * P< 0.05; ** P< 0.01; *** P< 
0.001. 
We next tested whether this cbp-1-dependent food sensing defect originates from a specific neuron 
family using neuron type specific RNAi. In accordance to our lifespan assays, knockdown of cbp-1 in 
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GABAergic neurons resulted in a significantly reduced CI (Figure 3.6C; P< 0.001). Similar results were 
obtained in the other chemotaxis assays (Figure 3.6F, I; P< 0.001). Also, knockdown of cbp-1 in 
glutamatergic neurons led to a less outspoken yet statistically significant defect in food sensing in all 
chemotaxis assays (Figure 3.6C, F and I; P< 0.001). CBP-1 in dopaminergic neurons may not be 
required for food sensing, since no obvious decrease in CI was observed upon knockdown of cbp-1 in 
these neurons. Results in cholinergic neurons hint at a minor food sensing role of CBP-1 in these 
neurons, but some variability was detected among the different chemotaxis assays (Figure 3.6C, F 
and I). 
 
Figure 3.7: Pan-neuronal cpb-1 RNAi knockdown does not influence thrashing rate. 
Worms were collected and cleaned for the thrashing assay after a 5-day RNAi treatment. The 
number of body bends was counted over 30 seconds. 
In brief, CBP-1 activity in GABAergic neurons is required for sensing bacterial food cues as well as for 
extending lifespan under ADR conditions. 
Table 3.1 Lifespan extension by ADR and statistical analysis in the study. 
Tissues Treatment 
relative lifespan extension by ADR* P 
value Rep.1 Rep.2 Rep.3 Rep.4 Rep.5 Rep.6 
Systemic 
L4440 0.5524 1.1134 0.5266         
cbp-1 
RNAi 
0.0597 0.0039 -0.0999       0.0196 
Neurons 
L4440 0.6401 0.4836 1.3715         
cbp-1 
RNAi 
0.1275 -0.0046 0.0539 -0.2273 0.3178 -0.0295 0.0068 
Intestine 
L4440 0.3712 0.69           
cbp-1 
RNAi 
0.5899 0.6917 0.7417       0.3558 
Germline 
L4440 0.8092 1.0049 0.7614         
cbp-1 
RNAi 
0.7582 0.5854 0.7238       0.1372 
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Mesoderm & 
SGPs 
L4440 0.3991 1.0458           
cbp-1 
RNAi 
0.6517 1.0029         0.8024 
Hypodermis 
L4440 0.5153 0.4337           
cbp-1 
RNAi 
0.3262 0.3734         0.1181 
Muscle 
L4440 0.4943 0.7796           
cbp-1 
RNAi 
0.3594 0.556         0.4096 
Uterus 
L4440 0.6182 0.4598 0.3184 1.1151       
cbp-1 
RNAi 
0.1714 0.7021 0.2218       0.3402 
Systemic 
L4440 1.4448 0.8932 0.7643         
cbp-1 
RNAi 
0.0441 0.0216 0.1594       0.0108 
GABAergic 
neurons 
L4440 0.8346 0.8133 0.3132 0.7823 0.5687     
cbp-1 
RNAi 
0.1992 0.1436 0.0186 0.1022 0.0312   0.0007 
Dopaminergic 
neurons 
L4440 0.5442 0.4012 0.2053 0.454 0.1899     
cbp-1 
RNAi 
0.6565 0.4976 0.2654 0.5718 0.2704   0.4026 
Cholinergic 
neurons 
L4440 0.7762 0.6676 0.3636 0.5243 0.4067     
cbp-1 
RNAi 
0.6355 0.3977 0.5486 0.3398 0.4327   0.4391 
Glutamatergic 
neurons 
L4440 0.5057 0.5744 0.4732 0.4184       
cbp-1 
RNAi 
0.4869 0.5084 0.3679 0.1691     0.2402 
* relative lifespan extension was calculated as (ADR/FF)-1, where ADR and FF represent area under 
the lifespan curve of the ADR and FF cultures, respectively. 
3.4 Discussion 
The impressive lifespan extension in worms cultured in axenic medium is still enigmatic. It is 
independent of the activity of key players in stress responses that have been linked to longevity 
earlier, such as DAF-16, SKN-1 and PHA-4 (Houthoofd et al. 2002). It is also not dependent on 
activation of mitochondrial stress programs such as the mitochondrial unfolded protein response, 
mitohormesis and mitophagy (Chapter 4). However, the p300/CBP homolog CBP-1 has been 
identified as an indispensible factor for the ADR longevity phenotype (Zhang et al. 2009; Castelein et 
al. 2014a). This transcriptional co-factor with histone acetyltransferase activity is expressed 
throughout the entire body and regulates non-neural differentiation in the embryo (Shi & Mello 
1998; Victor et al. 2002; Eastburn & Han 2005). We show that lack of CBP-1 specifically in the 
germline leads to the embryonic arrest phenotype. Hence, CBP-1 expression in other tissues serves 
other functions not visible in cbp-1 mutants due to the arrested phenotype. This problem can be 
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overcome by using post-developmental RNAi knockdown of cbp-1 which results in lifespan 
shortening by approximately 30% to 40% (Zhang et al. 2009; Castelein et al. 2014a). Using tissue-
specific RNAi, we found that this lifespan decrease is predominantly caused by cbp-1 knockdown in 
the neurons, intestine and germline. Hence, CBP-1 activity in these tissues is indispensible for normal 
lifespan, although it is still unclear which molecular functions are carried out by CBP-1 in most 
tissues during adulthood. 
However, in this study, we found that in the GABAergic neurons, CBP-1 acts to extend lifespan under 
ADR. CBP-1 appears to be a central lifespan regulator for dietary restricted conditions as it is also 
involved in lifespan extension by bacterial dilution and eat-2 mutation (Zhang et al. 2009). It is even 
involved in longevity pathways unrelated to most dietary restriction regimens such as the Ins/IGF1-
like signaling pathway as it is required for the lifespan phenotype of daf-2 mutants (Zhang et al. 
2009). However, in all these circumstances it is yet unknown whether CBP-1 acts also in GABAergic 
neurons in a similar manner. As a transcriptional co-regulator, CBP-1 may bind to other transcription 
factors in other tissues, activating a different set of downstream targets that support longevity. This 
is probably the case for the daf-2 mutant as its longevity phenotype is completely dependent upon 
DAF-16 (Kenyon et al. 1993) and SKN-1 (Tullet et al. 2008) activation, while ADR longevity is 
independent of these two transcription factors (Houthoofd et al. 2002; Castelein et al. 2014a). 
The fact that CBP-1 acts in the GABAergic neurons to extend lifespan under ADR is remarkable, as 
most of these neurons are categorized as motor neurons. Lifespan extension has been linked to 
neuronal activity before, but only in olfactory, gustatory, thermosensory and mechanosensory 
neurons (Apfeld & Kenyon 1999; Alcedo & Kenyon 2004; Lee & Kenyon 2009; Maier et al. 2010; Xiao 
et al. 2013; Maures et al. 2014). The 26 GABAergic neurons include the D-type motor neurons (6 DD, 
13 VD), innervating the dorsal and ventral body muscles, 4 RME motor neurons that innervate the 
head muscles, the AVL and DVB motor neurons innervating the enteric muscles, and finally the RIS 
interneuron with unknown function (White et al. 1986; McIntire et al. 1993; Jorgensen 2005). 
GABAergic neurons are mainly responsible for locomotion, but also regulate foraging and defecation. 
Being the only GABAergic interneuron, RIS may be the site of CBP-1 action supporting ADR longevity. 
This neuron localizes in the head region and connects with many other neurons of which only few 
are sensory neurons. Two of these RIS connecting sensory neurons are the URYV neurons that have 
been linked to bacterial sensing (Pradel et al. 2007). Indeed, we found that knockdown of cbp-1 in 
GABAergic neurons results in a clear food sensing defect. Therefore, it is tempting to consider CBP-1 
as a protein that links food sensing to lifespan in C. elegans. cbp-1 knockdown results in a DiI dye 
filling defect (Zhang et al. 2009). Dil is a lipophilic membrane stain and used as neuron-specific dye 
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to visualize amphid neurons, phasmid, IL neurons and sheath and socket cells in C. elegans (Schultz 
& Gumienny 2012). According to Zhang et al. 2009, cbp-1(RNAi) worms have defects in DiI uptake in 
amphid neurons, suggesting CBP-1 may be involved in sensory perception of environmental cues, 
which is probably related to the taxis to food defect that we observed in our study. These DiI dye 
filling neurons are for the most part glutamatergic and cholinergic neurons, in which we showed that 
cbp-1 knockdown does not affect ADR longevity. However, two dye filling neurons, the peptidergic 
ASI and ASJ do not fall in the classes tested and may therefore function upstream of the GABAergic 
neurons that regulate ADR longevity by means of CBP-1 activity. The ASI/ASJ neurons have been 
previously linked to longevity as ablation of these cells extends lifespan in a DAF-16 dependent 
manner (Alcedo & Kenyon 2004). However, ASI/ASJ neurons do not synapse with the RIS (White et al. 
1986), nor does DAF-16 influence ADR longevity (Houthoofd et al. 2002). Notably, RIS is sleep-like-
promoting neuron through the peptidergic signaling molecule FLP-11, but not GABA (Turek et al. 
2013; Turek et al. 2016). Likely, the above-mentioned presynaptic candidate neurons URYV do not 
have dye filling properties. Hence, the food sensing defect caused by cbp-1 knockdown may be 
uncoupled from the ADR longevity phenotype. 
Discovering whether there are specific environmental modulators of lifespan in axenic medium and, 
if so, what they are and how they act through GABAergic neurons, is a challenge for the future. More 
recently, GABAergic neurons were found to be important for dauer formation, via the regulation of 
insulins release (Hung et al. 2014). It further states that GABAergic neurons are not only involved in 
locomotion, foraging and defection, but more complicated biological processes possibly through 
neuroendocrinal signaling. Several recent studies have revealed a possible link between 
neuroendocrinal signaling and survival, i.e., the combined functions of a C. elegans ILP family, which 
could coordinate multiple physiological traits that are important for survival (Cornils et al. 2011; 
Chen et al. 2013; Fernandes de Abreu et al. 2014). Therefore, further investigation on identifying and 
characterizing the possible neuroendocrinal signaling molecules and pathways is challenging. 
Finally, CBP and p300 have intrinsic histone acetyltransferase (HAT) activity (Victor et al. 2002; 
Eastburn & Han 2005) and a positive correlation between HAT activity and longevity is proposed 
(Zhang et al. 2009). Recently, direct histone acetylation of DAF-16 has been observed and can 
broadly influence gene expression linked to longevity and neuromuscular function (Chiang et al. 
2012). In the study, we did not find a direct link between each other and the HAT activity seems not 
underlie ADR longevity as well, but maintenance of an equilibrium in the acetylating state driven by 
CBP-1 HAT activity would be essential for health and normal longevity (Eastburn & Han 2005). 
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Thus, we show that cbp-1 acts in the GABAergic neurons to extend lifespan under ADR conditions. 
Importantly, we noticed that knockdown of cbp-1 in GABAergic neurons did not cause a typical 
'shrink' phenotype due to lack of GABA upon gentle touch (data not shown), indicating that CBP-1 
acts in GABAergic neurons to regulate ADR-induced longevity not via GABA, but rather via 
neuropeptides. The identity of the signal upstream of the GABAergic neurons, and whether this 
signal represents the absence or presence of a certain (group of) compound(s) in the axenic medium, 
is still unknown. The downstream output of cbp-1 GABAergic activation is currently under 
investigation. 
3.5 Conclusion 
In summary, our findings suggest CBP-1 in neuron, intestine and germline during adulthood is 
required for health and normal longevity. Neuronal CBP-1 is key to the ADR-induced longevity, most 
importantly in GABAergic neurons. These neurons may directly or indirectly link the perception of 
axenic medium to the lifespan of C. elegans. 
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Supplemental Information 
Table S3.1 The tissue-specific RNAi strains used in this study 
Strain 
RNAi 
sensitive 
tissue 
Genotype Reference 
TU3401 Neuron 
sid-1(pk3321)V; uIs69[pCFJ90(myo-
2p::mCherry)+unc-119p::sid-1]V 
Calixto et al. 2010 
VP303 Intestine rde-1(ne219) V; kbIs7 [nhx-2p::rde-1 + rol-6(su1006)] Espelt et al. 2005 
RB798 Germline rrf-1(ok589) I Kumsta et al. 2012 
WM118 Muscle 
rde-1(ne300) V; neIs9[myo-3::HA::RDE-1 + rol-
6(su1006)]X 
Silva et al. 2013 
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RA382 
Mesoderm 
and somatic 
gonad 
precursors 
(SGPs) 
rdIs7[hnd-1::rde-1 + unc-119(+)] I; unc-119(ed3) III; 
rde-1(ne219) V 
Large & Mathies 2014 
NR222 Hypodermis 
rde-1(ne219) V; kzIs9[(pKK1260) lin-26p::NLS::GFP + 
(pKK1253) lin-26p::rde-1 + rol-6(su1006)] 
Qadota et al. 2007 
NK640 Uterine 
rrf-3(pk1426) II; unc-119(ed4) III; rde-1(ne219) V; 
qyIs102[fos-1ap::rde-1(genomic) + myo-2::YFP + unc-
119(+)] 
Van Nostrand et al. 
2013 
XE1375 
GABAergic 
neurons 
wpIs36[unc-47p::mCherry] I; wpSi1[unc-47p::rde-
1::SL2::sid-1 + Cbr-unc-119(+)] II; eri-1(mg366) IV; 
rde-1(ne219) V; lin-15B(n744) X 
Firnhaber & 
Hammarlund 2013 
XE1474 
Dopaminergic 
neurons 
wpSi6[dat-1p::rde-1::SL2::sid-1 + Cbr-unc-119(+)] II; 
eri-1(mg366) IV; rde-1(ne219) V; lin-15B(n744) X 
XE1581 
Cholinergic 
neurons 
wpSi10[unc-17p::rde-1::SL2::sid-1 + Cbr-unc-119(+)] 
II; eri-1(mg366) IV; rde-1(ne219) V; lin-15B(n744) X 
XE1582 
Glutamatergic 
neurons 
wpSi11[eat-4p::rde-1::SL2::sid-1 + Cbr-unc-119(+)] II; 
eri-1(mg366) IV; rde-1(ne219) V; lin-15B(n744) X 
 
Table S3.2 Mean lifespan of knockdown of cbp-1 in fully fed and ADR conditions (pooled data) 
 
Strain 
Treatment Experiment 
Mean 
Lifespan 
(±SEM 
days) 
Sample 
size/trials P-value(a) 
P-
value(b) 
N2 
(Systemic) 
L4440 
RNAi 
FF 23.58±0.46 181/4 
  ADR 35.13±0.87 174/3 P<0.0001 
 cbp-1 
RNAi 
FF 13.91±0.12 323/4 
 
P<0.0001 
ADR 13.97±0.13 367/3 P=0.2493 P<0.0001 
TU3401 
(Neurons) 
L4440 
RNAi 
FF 20.22±0.27 371/5     
ADR 30.92±0.57 341/3 P<0.0001 
 cbp-1 
RNAi 
FF 12.52±0.12 375/6 
 
P<0.0001 
ADR 13.58±0.13 549/6 P<0.0001 P<0.0001 
RB798 
(Germline) 
L4440 
RNAi 
FF 24.65±0.51 118/4 
  ADR 36.17±0.77 273/3 P<0.0001 
 cbp-1 
RNAi 
FF 15.99±0.19 357/4 
 
P<0.0001 
ADR 24.31±0.52 406/3 P<0.0001 P<0.0001 
VP303 
(Intestine) 
L4440 
RNAi 
FF 20.93±0.47 159/3     
ADR 33.07±0.94 129/2 P<0.0001 
 cbp-1 
RNAi 
FF 15.99±0.14 311/3 
 
P<0.0001 
ADR 25.25±0.26 329/3 P<0.0001 P<0.0001 
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WM118 
(Muscle) 
L4440 
RNAi 
FF 24.16±0.44 303/5 
  ADR 34.54±0.65 274/2 P<0.0001 
 cbp-1 
RNAi 
FF 24.55±0.36 345/5 
 
P=1.0000 
ADR 33.02±0.84 185/2 P<0.0001 P=0.9768 
NR222 
(Hypodermis) 
L4440 
RNAi 
FF 22.49±0.43 223/4     
ADR 30.25±0.61 180/2 P<0.0001 
 cbp-1 
RNAi 
FF 20.84±0.31 261/4 
 
P=0.0003 
ADR 28.05±0.51 146/2 P<0.0001 P=0.0044 
RA382 
(Mesoderm & 
SGPs) 
L4440 
RNAi 
FF 20.88±0.31 118/3     
ADR 31.58±1.00 144/2 P<0.0001 
 cbp-1 
RNAi 
FF 18.37±0.20 318/4 
 
P<0.0001 
ADR 28.95±0.93 194/2 P<0.0001 P=0.2321 
NK640 
(Uterus) 
L4440 
RNAi 
FF 21.97±0.50 162/5 
  ADR 32.77±0.61 302/4 P<0.0001 
 cbp-1 
RNAi 
FF 22.40±0.43 238/6 
 
P=1.0000 
ADR 28.67±0.36 312/3 P<0.0001 P<0.0001 
N2 
(Systemic) 
L4440 
RNAi 
FF 24.40±0.35 316/4     
ADR 42.67±0.77 375/4 P<0.0001 
 cbp-1 
RNAi 
FF 14.36±0.10 590/4 
 
P<0.0001 
ADR 16.35±0.14 607/4 P<0.0001 P<0.0001 
XE1375 
(GABAergic 
neurons) 
L4440 
RNAi 
FF 17.19±0.14 539/5     
ADR 25.76±0.34 490/5 P<0.0001 
 cbp-1 
RNAi 
FF 20.05±0.21 630/5 
 
P<0.0001 
ADR 21.95±0.25 466/5 P<0.0001 P<0.0001 
XE1474 
(Dopaminergic 
neurons) 
L4440 
RNAi 
FF 17.64±0.16 484/5     
ADR 22.47±0.27 503/5 P<0.0001 
 cbp-1 
RNAi 
FF 17.38±0.15 626/5 
 
p=1.0000 
ADR 23.53±0.24 659/5 P<0.0001 P=0.0060 
XE1581 
(Cholinergic 
neurons) 
L4440 
RNAi 
FF 16.35±0.19 326/5     
ADR 22.54±0.26 453/5 P<0.0001 
 cbp-1 
RNAi 
FF 17.08±0.18 473/5 
 
p=0.0136 
ADR 23.00±0.23 555/5 P<0.0001 p=0.2578 
XE1582 
(Glutamatergic 
neurons) 
L4440 
RNAi 
FF 17.41±0.14 676/5     
ADR 26.21±0.35 511/4 P<0.0001 
 cbp-1 
RNAi 
FF 17.71±0.15 714/5 
 
P=0.1832 
ADR 24.06±0.29 487/4 P<0.0001 P<0.0001 
Mean lifespan is represented as pooled data of at least 2 replicates.  Each 
independent replicate data is presented in Addendum.  
Notes: P-value compared to matching FF conditions (a) or matching control 
strain (b). 
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Abstract 
In C. elegans, a broad range of DR regimens extend lifespan to different degrees by separate or 
partially overlapping molecular pathways. One of these regimens, axenic dietary restriction, doubles 
the worm’s lifespan but currently, almost nothing is known about the underlying molecular 
mechanism. Previous studies suggest that mitochondrial stress responses such as the mitochondrial 
unfolded protein response (UPRmt), mitohormesis or mitophagy may play a vital role in ADR-induced 
longevity. Here, we provide solid evidence that ADR treatment specifically induces an UPRmt 
response in C. elegans but this induction is not required for ADR-mediated longevity. We also show 
that neither ROS-mediated mitohormesis nor mitophagy are involved in this phenotype. Hence, 
induction of mitochondrial stress responses is not necessarily causal to large increases in lifespan. 
 
Keywords 
Axenic culture, UPRmt, Mitohormesis, Mitophagy, Lifespan extension, C. elegans 
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4.1 Introduction 
Dietary restriction (DR), the restriction of nutrients without malnutrition, has been shown to extend 
lifespan in a wide variety of species (Fontana et al. 2010). In C. elegans, a broad range of DR 
regimens has been proposed and they all extend lifespan to various degrees by separate or partially 
overlapping molecular pathways (Greer & Brunet 2009). DR-like phenotypes are also induced using 
sterile, chemically defined or undefined liquid media, called axenic media (Vanfleteren 1976; 
Houthoofd et al. 2002; Szewczyk et al. 2006). Axenically cultured worms share many characteristic 
traits with worms subjected to other DR methods: slowed development, reduced fecundity, a 
slender appearance, and prolonged lifespan and hence the term axenic dietary restriction (ADR) is 
often applied (Vanfleteren & Braeckman 1999; Houthoofd et al. 2002). 
Although the C. elegans lifespan is doubled under ADR, the underlying molecular mechanisms 
supporting this robust longevity effect still remain enigmatic. Probably, this mechanism is distinct 
from that of most other DR regimens, as was recently shown in a genetic screen (Castelein et al. 
2014a). Our previous findings suggest that increased stress resistance and enhanced mitochondrial 
function may play a vital role in ADR-induced longevity (Houthoofd et al. 2002; Castelein et al. 2008; 
Castelein et al. 2014b). These observations lead us to investigate the role of the mitochondrial 
unfolded protein response (UPRmt), mitohormesis and mitophagy in ADR-mediated lifespan 
extension. 
The UPRmt is a highly conserved cellular stress response that activates nuclear-encoded 
mitochondrial chaperone genes to maintain protein homeostasis in the mitochondria (Haynes & Ron 
2010). The UPRmt is activated upon different forms of mitochondrial stress including the misfolding 
of mitochondrial proteins or stoichiometric abnormalities of large multimeric complexes, such as ETC 
complexes (Yoneda et al. 2004; Benedetti et al. 2006). In C. elegans, the UPRmt is essential for the 
lifespan extending effect caused by inhibition of mitochondrial respiration (Durieux et al. 2011). 
Mitonuclear protein imbalance by disturbance of mitochondrial protein synthesis also activates the 
UPRmt and extends C. elegans lifespan (Houtkooper et al. 2013). However, a more recent genome-
wide RNAi screen showed that there is no straightforward correlation between UPRmt activation and 
lifespan extension in C. elegans. Constitutive activation of the UPRmt in the absence of mitochondrial 
stress also fails to extend lifespan (Bennett & Kaeberlein 2014; Bennett et al. 2014). These findings 
cast doubt on the unique importance of the UPRmt in longevity. One possible explanation is that the 
nature of the mitochondrial proteotoxic stress may differ in various conditions. Nevertheless, the 
UPRmt has been implicated in lifespan extension of worms, flies, and mice, suggesting a conserved 
role in cellular homeostasis (Jensen & Jasper 2014). 
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The free radical theory of aging proposes that mitochondria are the main source and prime target of 
reactive oxygen species (ROS) and it is a widely held view that this might cause or at least contribute 
to the aging process (Barja 2013). In recent years, a different view has gained popularity: ROS 
produced by mitochondria result in an adaptive response, called mitohormesis, which promotes 
cellular health and organismal longevity (Schulz et al. 2007; Yun & Finkel 2014). The positive effect of 
mitohormesis on lifespan only occurs within a limited range of relatively low intracellular ROS levels. 
High ROS levels may not be compensated for by the mitohormetic response, which may explain the 
wide range of lifespans observed for different respiratory chain mutants (Dingley et al. 2010). 
Although the detailed mechanism of ROS-mediated mitohormesis has not been fully elucidated, 
several key factors, such as PMK-1 (p38 MAP kinase), HSF-1 (heat shock factor), SKN-1 (NRF-2), DAF-
16 (FOXO), and PRDX-2 (peroxiredoxin) are involved for the mitohormetic response (Schulz et al. 
2007; Zarse et al. 2012; De Haes et al. 2014; Yun & Finkel 2014). 
When mitochondrial damage surpasses a level that exceeds the capacity of the mitochondrial quality 
control systems, these dysfunctional mitochondria will be specifically removed through mitophagy, 
thereby ensuring mitochondrial homeostasis (Youle & Narendra 2011). In this process, PINK1 (PTEN-
induced putative kinase protein 1) recruits the cytosolic E3 ubiquitin ligase Parkin to damaged 
mitochondria, which causes their engulfment by autophagosomes before lysosomal degradation 
(Narendra et al. 2008; Youle & Narendra 2011). This clean-up process helps in keeping up a 
functional cellular mitochondrial population. Lifespan extension in the genetic dietary restriction 
model eat-2(ad465) is partially dependent on the function of DCT-1, a key player in mitophagy 
(Palikaras et al. 2015). Also, mitophagy supports longevity of mitochondrial mutants (Palikaras et al. 
2015; Schiavi et al. 2015).  
Here, we provide evidence that ADR treatment specifically induces a UPRmt response in C. elegans 
but this induction is not required for the ADR-mediated longevity. We also show that ROS-mediated 
mitohormesis as well as mitophagy are probably not involved in this longevity phenotype. 
4.2 Materials and Methods 
C. elegans and RNAi strains 
The wild-type (WT) C. elegans used was Bristol N2 male stock (Caenorhabditis Genetics Center 
(CGC)). The mutant and transgenic strains VC289 prdx-2(gk169), VC1024 pdr-1(gk448), RB2547 pink-
1(ok3538), SJ4100 zcIs13[hsp-6p::gfp], SJ4058 zcIs9[hsp-60p::gfp], CL2070 dvIs[hsp-16.2p::gfp], and 
SJ4005 zcIs4[hsp-4p::gfp] were also obtained from CGC. QC117 (atfs-1(et17)), QC118 (atfs-1(et18)) 
and atfs-1(tm4525) were provided by Dr. Matt Kaeberlein. dsRNA expressing bacterial strains 
targeting ubl-5, dve-1, and hsp-6 were from the genomic RNAi library (produced by J. Ahringer). As a 
control, the bacterial strain containing the empty vector L4440 was used. 
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Worm maintenance  
Axenic and monoxenic culture conditions were adapted as previously described (Castelein et al. 
2014a). To avoid contamination, 100 μg/mL ampicillin was added to both axenic and monoxenic 
cultures. The day of L4-to-adult transition was determined as Day 0 of adulthood. For monoxenic 
and axenic cultures, it took 3 and 6 days on average to reach this stage at 20 °C, respectively. Worm 
samples were collected and cleaned by gravitational settling followed by three to five washes in S-
basal. 
Briefly, for monoxenic culture, eggs prepared by hypochlorite treatment of gravid adults were 
allowed to hatch overnight in S basal (Stiernagle 2006), and the resulting first stage larvae (L1s) were 
inoculated into Fernbach flasks containing 250 ml of growth medium (S-basal containing approx. 
3×109 bacterial cells/mL and 5 µg/mL cholesterol). Bacteria were added as frozen beads consisting of 
equal volumes of pelleted bacteria and S basal. The flasks were shaken in a temperature controlled 
(20 °C) gyrotory shaker at 120 oscillations/min. For axenic culture, the basal medium consists of 3% 
soy peptone (Sigma-Aldrich, St. Louis, MO) and 3% yeast extract (Becton-Dickinson, Franklin Lake, 
NJ), final concentrations (f.c.). Since C. elegans is not capable of haem synthesis, after autoclaving 
the basal medium was supplemented with 0.05% haemoglobin f.c. (bovine; Serve, Heidelberg, 
Germany) diluted from a 100x stock in 0.1M KOH (autoclaved for 10 minutes). Axenic medium is very 
rich in nutrients and easily gets contaminated by microbes. Hence, all equipment and preparations 
should be handled in a laminar flow cabinet to ensure sterility. 
Lifespan assay 
Lifespan assays were performed as described previously (Castelein et al. 2014a). Axenic dietary 
restriction (ADR) was performed in liquid axenic culture while fully-fed (FF) assays were carried out 
on standard solid NGM plates seeded with bacteria (Stiernagle 2006). Briefly, gravid adults were 
subjected to a microbleaching procedure in which about ten worms were brought in a 10 µL drop of 
sterile distilled water. Then 10 µL alkaline bleach (12° hypochlorite and 1M NaOH f.c.) was added 
and left to incubate until all adults were dissolved or for maximally ten minutes.  Then 5 mL of axenic 
medium containing 20% sterile skimmed milk was added. Milk was added to stimulate and 
synchronize larval growth and we confirmed that this component did not cause UPRmt (data not 
shown). The eggs were allowed to hatch and were incubated at 20°C until adulthood. At L4 stage 
(around 5 days after bleaching), 50 µM of FUdR was added to prevent progeny production. At 
adulthood, worms were transferred and exposed to the experimental conditions. Worms were 
transferred to fresh NGM plates every two days and checked for survival. NGM plates with 
antioxidants were freshly prepared for every transfer, while for axenic cultures antioxidants were 
added to final concentration only once. For BHA, the compound was added from a 1000x 
concentrated stock in DMSO, and equal volume of DMSO was added to the respective controls. The 
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concentrations for antioxidants (NAC and BHA) were based on existing literature (De Haes et al. 
2014; Yang et al. 2011). 
For RNAi-based lifespan assay, worms were cultured on standard nematode growth medium (NGM) 
agar plates seeded with the Escherichia coli OP50 bacteria until adulthood. RNAi was carried out as 
previously described (Castelein et al. 2014a) and performed on adult worms for five days before 
they were transferred to the experimental conditions. For each strain, around hundred worms were 
placed on small NGM plates (10 per plate) seeded with E. coli OP50 as fully fed (FF) control. For ADR, 
about hundred worms were transferred to small screw-cap tubes (three to five worms per tube) 
containing 0.3 mL of liquid axenic medium (ADR). Progeny production was avoided by the addition of 
FUdR at 100 µM and 50 µM f.c. for FF and ADR, respectively.  Survival was scored at regular time 
intervals: daily for the FF condition, every other day for the ADR conditions. In solid conditions, 
worms were considered dead if they did not respond to gentle prodding with a platinum wire. In 
liquid conditions, worms were scored dead if no movement could be detected, even after gently 
tapping the tubes. Worms that died of protruding vulva or crawling off the plates were censored. All 
lifespan assays were conducted at 20°C and were repeated at least twice independently (pooled 
data is shown). 
Data was analyzed with the online application for survival analysis (OASIS) as described ((Yang et al. 
2011). In all cases, lifespan data is indicated as mean ± s.e.m. and P-values were calculated using the 
log-rank (Mantel–Cox) method. To evaluate the impact of genes or treatments on lifespan extension, 
the relative importance for each experimental setup was calculated based on the formula previously 
described (Castelein et al. 2014a). 
GFP Expression and Quantification 
Eggs from gravid worms of the appropriate GFP reporter strains were collected and hatched 
overnight. L1 worms were grown monoxenically or axenically. For single-time point experiments, 
animals were harvested and tested at the first day of adulthood. For the longitudinal experiments, 
worms were collected and analyzed at regular time intervals. 
Fluorimetry assays were performed using black 96-well plates in a Victor2 plate reader (Perkin Elmer, 
Waltham, MA). Fluorescence was normalised to protein content (standard BCA method) of the 
worms recovered from the fluorimetry plate. Each experiment was repeated independently at least 
three times. Images were taken from at least ten randomly picked worms from each culture 
condition, using an Olympus SZX12 fluorescence stereomicroscope. Only for longitudinal 
experiments, FUdR was added (100 µM and 50 µM f.c. for FF and ADR, respectively) to prevent 
progeny production. Worms were paralysed with 0.1 mg/ml levamisole (Sigma) for image capture. 
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4.3 Results 
4.3.1 Axenic dietary restriction specifically activates the mitochondrial UPR 
Dietary restriction regimens, such as bacterial dilution and eat-2 mutation, were shown to increase 
lifespan independently from the UPRmt response (Durieux et al. 2011). Also, the DR mimetic 
metformin operates independently of this response (De Haes et al. 2014). Moreover, dietary 
interventions that suppress the reduced lifespan of phb-2 (RNAi) block UPRmt induction (Schleit et al. 
2013). These observations suggest that DR may not cause mitochondrial proteotoxic stress and its 
beneficial effect on lifespan is independent of the UPRmt. On the other hand, we found enhanced 
mitochondrial performance (Castelein et al. 2014b) and increased stress resistance (Houthoofd et al. 
2002) in ADR worms, hinting at enhanced proteostasis. Therefore, we reasoned that unfolded 
protein responses, and in particular the UPRmt, may underlie the lifespan doubling effect of ADR. The 
bloated mitochondrial morphology of ADR worms may also reflect UPRmt activation (Figure S4.1) 
(Pimenta de Castro et al.). 
 
Figure S4.1: Transmission electron micrographs of worms (second day of adulthood) cultured in 
monoxenic fully-fed (A) and axenic dietary restriction (B) conditions. 
S: sarcomere, M: mitochondrium. 
In order to test this hypothesis, worm strains, expressing specific reporters for UPRmt (hsp-6p::gfp 
and hsp-60p::gfp), UPRer (hsp-4p::gfp) and cytosolic UPR (hsp-16.2p::gfp) were subjected to ADR. The 
UPRmt response is clearly activated in ADR-treated worms compared to controls (Figure 4.1A, B), 
while the UPRer and cytosolic UPR reporter expression does not change upon exposure to axenic 
medium (Figure 4.1C, D). These observations show that ADR specifically activates the UPRmt. 
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Figure 4.1. Axenic dietary restriction specifically induces UPRmt.  
The UPRmt reporter strains hsp-6p::gfp (A) and hsp-60p::gfp (B) show enhanced GFP expression 
under ADR conditions compared to monoxenic fully-fed (FF) controls (both were in liquid). Strains 
carrying reporters for the UPRer hsp-4p::gfp (C) and cytosolic UPR hsp-16.2p::gfp (D) show no GFP 
induction when cultured in axenic medium. Panels (i) and (ii) show light and fluorescence images of 
the same worm clusters, respectively. Panels (iii) display microplate-based fluorimetric GFP 
quantification of worm populations, normalised to protein content. Both FF and ADR are in liquid to 
minimise the culture difference. Error bars indicate standard error (s.e.m) of at least three 
independently grown replicates. * p < 0.05; ** p < 0.01; *** p < 0.001. Student t-test was used for 
statistical analysis. 
4.3.2 ADR-dependent activation of UPRmt peaks near juvenile-to-adult 
transition 
Lifespan extension by RNAi knockdown of electron transport chain components has a specific 
temporal requirement during the L3/L4 stages of larval development (Dillin et al. 2002; Rea et al. 
2007), a period that coincides with strong mitochondrial proliferation (Tsang & Lemire 2002). 
Furthermore, the UPRmt marker hsp-6p::gfp shows its greatest activation at the L4 stage when 
worms are challenged with mitochondrial stress (Yoneda et al. 2004), we speculated that the ADR-
Chapter 4 
107 
 
dependent activation of the UPRmt also has a distinct temporal pattern that may underlie the 
longevity phenotype. 
To study this, hsp-6p::gfp worms were cultured in both axenic and monoxenic medium from embryo 
to young adulthood. Worms were imaged and GFP fluorescence was measured for each culture 
condition at regular time intervals. Animals in monoxenic culture only showed background levels of 
GFP fluorescence, while worms collected from axenic medium increasingly expressed GFP up to L4 
(Figure 4.2A, B), the stage which corresponds to the increased mitochondrial density. After the L4 
peak, the UPRmt response decreased in young adult worms and stabilized from the second day of 
adulthood at a level which was still significantly higher than the monoxenic controls. This level was 
maintained throughout life (Figure S4.2), suggesting that ADR causes mitochondrial stress. Hence, 
activation of UPRmt along life might promote longevity and knockdown of its components should 
abolish ADR-mediated lifespan extension. 
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Figure 4.2. ADR-dependent activation of UPRmt peaks near juvenile-to-adult transition 
Expression of the UPRmt reporter hsp-6p::gfp was followed over time by collecting and analyzing 
worms regularly as indicated. (A) Microplate-based fluorimetric GFP quantification of worm 
populations, normalised to protein content. (B) Panels (i) and (ii) show light and fluorescence images 
of the same worm clusters from monoxenic culture and axenic culture, respectively. The days after 
L1 inoculation in each condition is indicated up-left. Both FF and ADR are in liquid to minimise the 
culture difference. FF: monoxenic fully-fed culture; ADR: axenic culture. Error bars indicate standard 
error (s.e.m) of at least three independently grown replicates. * p < 0.05; ** p < 0.01; *** p < 0.001. 
Scale bar: 0.3mm. Note: ADR d9 images had different scale bar. 
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Figure S4.2. ADR activates the UPRmt also during late adult life. 
Expression of the UPRmt reporter hsp-6p::gfp was followed over time by collecting and analyzing 
worms at regular time intervals during late adulthood. Top row: light images of clusters of axenically 
grown worms; bottom row: the same clusters imaged with fluorescence microscopy. The days after 
L1 inoculation in axenic medium is indicated in the upper right corner of the light images. 
4.3.3 Activation of the UPRmt is not required for lifespan extension by ADR 
To assess whether induction of the UPRmt contributes to the strong longevity phenotype caused by 
ADR, we analyzed worm survival under fully fed and ADR conditions following RNAi knockdown of 
UPRmt pathway components (Pellegrino et al. 2013). 
 
We found that RNAi knockdown of ubl-5 failed to prevent lifespan extension by ADR, either treated 
from the L1 stage to early adulthood (Figure 4.3A; Table S4.1) or during the first five days of 
adulthood (Figure 4.3B; Table S4.1). Even a three-generation RNAi treatment failed to abolish 
lifespan extension under ADR (Figure 4.3C; Table S4.1). Although a minor reduction of ADR-induced 
longevity seems to occur in ubl-5 RNAi-treated worms, the relative importance of this gene for ADR 
longevity is not significant when RNAi was performed during juvenile stages or over three 
generations. Only for young adult RNAi treatment, the 10% rescue effect on ADR-induced lifespan 
extension reaches borderline significance (Table S4.2). Hence, ubl-5 seems not essential for lifespan 
extension by ADR (Table S4.1, S4.2). Inhibition of other UPRmt-related key factors by RNAi, such as 
dve-1, haf-1 and hsp-6, also has no or limited effect on worm lifespan (Figure 4.3D-F; Table S4.1). 
Again, the relative importance for each of these genes to the ADR-mediated longevity was not 
significant (Table S4.2). Taken together, these observations provide primary evidence that induction 
of the UPRmt seems not to underlie the lifespan extension caused by ADR. 
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Since UPRmt activation cannot be blocked by RNAi knockdown of haf-1 (Bennett et al. 2014) and 
inhibition of hsp-6 can induce UPRmt (Yoneda et al. 2004), we next set out to analyze the relation 
between UPRmt and ADR-mediated longevity using the atfs-1(tm4525) mutation, which has been 
shown to completely prevent induction of the UPRmt (Nargund et al. 2012). No effect on lifespan was 
observed in the atfs-1(tm4525) background, as deletion of atfs-1 failed to significantly block the 
ADR-induced lifespan extension (Figure 4.3G). Recently, constitutively active alleles of atfs-1 have 
been described which result in induction of the UPRmt in the absence of exogenous mitochondrial 
stress (Rauthan et al. 2013). To determine whether constitutive activation of the UPRmt would 
further extend lifespan in axenic dietary restriction, we performed survival assays of strains carrying 
either the atfs-1(et17) or atfs-1(et18) gain-of-function alleles. Counter to expectation, the lifespan of 
atfs-1(et17) was slightly reduced under ADR, indicating that overactivity of UPRmt tends to decrease 
the lifespan extending properties of ADR (Figure 4.3H, Table S4.1). Similar results were obtained for 
atfs-1(et18) (Figure S4.3). 
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Figure 4.3. Inactivation of the UPRmt pathway by RNAi knockdown does not prevent ADR-induced 
lifespan extension 
A. Effect of ubl-5 RNAi knockdown during worm development (L1 stage to first day of adulthood) on 
worm longevity under FF and ADR conditions B. Same as in (A) but ubl-5 knockdown was performed 
during the first five days of adulthood. C. Same as in (A) with RNAi knockdown of ubl-5 for three 
generations. D-F. Effect of dve-1 (D), haf-1 (E) and hsp-6 (F) knockdown during the first five days of 
adulthood on worm longevity under FF and ADR conditions. G. Effect of atfs-1(tm4525) on lifespan 
in fully fed (FF) and axenic (ADR) condition. H. Effect of constitutively active alleles of atfs-1(et17) on 
lifespan in fully fed (FF) and axenic (ADR) condition. All data is summarized in Table S4.1 and S4.2. 
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Figure S4.3 Survival curves of atfs-1(et18) mutant in FF and ADR conditions. 
Effect of constitutively active alleles of atfs-1(et18) on lifespan in fully fed (FF) and axenic (ADR) 
condition. All data is summarized in Table S4.1. 
In order to further confirm our results, as an alternative approach to investigate the importance of 
the UPRmt for ADR longevity, we avoided early UPRmt induction by culturing juvenile worms on 
monoxenic plates. Once they reached adulthood, half of the population was switched to axenic 
medium, while the control worms were transferred to fresh monoxenic plates, and lifespan was 
assessed. In a reverse setup, juveniles were grown under ADR, allowing UPRmt induction, and 
switched upon adulthood to monoxenic plates or fresh axenic cultures for the controls (Figure 4.4A). 
 
Interestingly, no obvious GFP expression was observed in animals grown monoxenically and 
subsequently transferred to axenic medium when reaching adulthood (Figure 4.4B), clearly  
demonstrating that the UPRmt is not activated in adults experiencing ADR. However, these worms 
still exhibit full lifespan extension, comparable to those cultured axenically from L1 stage (Figure 
4.4C). Besides, GFP expression gradually disappears once worms are transferred from axenic to 
monoxenic culture, indicating inactivation of UPRmt and alleviation of mitochondrial stress (Figure 
4.4B). Despite their history in axenic medium and UPRmt induction during larval stages, these worms 
have a normal lifespan, comparable to monoxenically cultured worms (Figure 4.4C). Thus, activation 
of UPRmt during larval development by ADR is not sufficient to confer increased lifespan. 
 
Overall, we conclude that UPRmt activation by ADR is specific and life stage-dependent, but ADR-
mediated longevity can be uncoupled from this stress response. 
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Figure 4.4 Activation of the UPRmt can be uncoupled from lifespan extension by ADR  
A. Experimental setup: (1) hatched L1s were grown on solid NGM plates seeded with E. coli OP50 as 
fully-fed (FF) condition till young adulthood after which they were switched to either liquid axenic 
medium or fresh E. coli plates; (2) after microbleaching, hatched L1s were cultured in axenic medium 
until young adulthood. Afterwards, animals were transferred to fresh axenic medium or NGM plates 
seeded with E. coli OP50. B. Images of worm clusters, grown according to the experimental setup in 
A. i: juveniles grown monoxenically and transferred to axenic medium at the first day of adulthood, ii: 
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monoxenically grown worms, and iii: juveniles grown in axenic medium and transferred to 
monoxenic culture at the first day of adulthood. Top row: worms light image, bottom row: the same 
clusters imaged with fluorescence microscopy. The days of adult age are indicated in the upper left 
corners of the light images. C. Survival of worms cultured according to experimental setup (1) and (2). 
Data are summarized in Table S4.1 and S4.2. Scale bar, 0.3mm. 
4.3.4 Mitohormesis is not involved in the lifespan extension by ADR 
There is a growing body of research emphasizing the importance of reactive oxygen species (ROS) as 
crucial cell signaling molecules rather than damaging agents (Schulz et al. 2007; Ristow & Zarse 2010; 
Back et al. 2012c). Our previous study indicated that young worms, exposed to ADR, show no 
increase in in vitro ROS production capacity as well as in vivo H2O2 levels compared to monoxenically 
grown controls (Castelein et al. 2014b), arguing against a role of mitohormesis in ADR longevity. 
However, it is possible that low or local levels of ROS may act as signaling molecules and potentially 
serve as the mitokine or intermediary signal to elicit a nuclear response (Durieux et al. 2011). 
 
In order to further study whether a mitohormetic response contributes to the twofold lifespan 
extension under ADR, worms were exposed to ROS scavengers in axenic medium. Life-long treatment 
with the antioxidants N-acetyl-L-cysteine (NAC, 5 mM) or butylated hydroxyanisole (BHA, 25 µM) did 
not block ADR-induced lifespan extension. However, a slight lifespan reduction, of which the relative 
importance was not significant, was found in ADR animals treated with antioxidants (Figure 4.5A, B; 
Table S4.1, S4.2). When antioxidant levels were doubled, still no clear effect was found for BHA 
(Figure 4.5D; Table S4.1, S4.2). However, 10 mM NAC had opposite effects on lifespan in monoxenic 
and axenic conditions. While this high dose of NAC extends lifespan in monoxenically cultured worms 
with 17%, it slightly shortens lifespan with 11% under ADR. In such case, it significantly decreased 
the lifespan extension (p = 0.016) and the relative importance of 10 mM NAC treatment was 49.5% 
(Figure 4.5C; Table S4.1, S4.2). Hence, where NAC treatment is beneficial to worms in bacterial 
culture, it seems harmful for worms under ADR. 
In C. elegans, the peroxiredoxin PRDX-2 is involved in the prolongevity signal of the mitohormetic 
response (De Haes et al. 2014).  We did not observe lifespan reduction in prdx-2 mutants compared 
to controls in axenic culture (Figure 4.5E; Table S4.1, S4.2). Previously, we had shown that ADR-
mediated longevity is independent of DAF-16, HSF-1, SKN-1 and partially dependent of AAK-2 
(Castelein et al. 2014a). Therefore, it is unlikely that ROS-mediated mitohormesis plays a role in the 
lifespan-doubling effect by ADR  in C. elegans. 
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Figure 4.5 Mitohormesis is not involved in lifespan extension by ADR  
Survival analysis of worms treated with and without 5mM NAC (A),  25µM BHA (B),  10mM NAC (C) 
and 50µM BHA (D) under fully-fed (FF, full line) and axenic dietary restriction (ADR, dashed line) 
conditions. (E) Effect of prdx-2 mutation on lifespan under both FF and ADR conditions. Survival data 
is summarized in Table S4.1 and S4.2. 
4.3.5 Mitophagy is not involved in lifespan extension by ADR 
As we previously observed an increased number of high-quality mitochondria in ADR worms 
(Castelein et al. 2014b), we wondered whether enhanced mitophagy may underlie ADR longevity. 
We found that neither mutation in pink-1 nor in pdr-1 (the C. elegans Parkin homologue) influenced 
ADR longevity significantly (Figure 4.6A, B; Table S4.1, S4.2), suggesting mitochondria under ADR do 
experience stress in terms of activation of UPRmt, but still could maintain a sufficient number of 
functional mitochondria. 
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Figure 4.6 Mitophagy is not involved in lifespan extension by ADR  
Survival analysis of worms bearing pink-1(A) and pdr-1 (B) mutations under fully-fed (FF, full line) 
and axenic dietary restriction (ADR, dashed line) conditions. Survival data is summarized in Table 
S4.1 and S4.2. 
4.4 Discussion 
Chemically defined axenic medium was established several decades ago, in a search for nematode 
nutritional requirements (Vanfleteren 1976; Lu & Goetsch 1993). An easy-to-prepare alternative, 
used in this study, is the undefined axenic medium based on a mixture of soy peptone and yeast 
extract, supplemented with heam (Houthoofd et al. 2002). Axenically cultured worms show typical 
morphological features of dietary restriction and their lifespan is often doubled, making it the largest 
lifespan increase of any dietary restriction method reported (Houthoofd et al. 2002; Szewczyk et al. 
2006; Greer & Brunet 2009). A recent genetic screen for key regulators of ADR-mediated longevity 
showed that the Insulin/IGF pathway and oxidative stress response pathways are not involved in this 
remarkable phenotype (Houthoofd et al. 2002; Castelein et al. 2014a). As mitochondria are often 
considered as the major culprits behind the aging process (Barja 2013), yet their density and 
coupling were shown to be increased under ADR (Castelein et al. 2014b). We wondered whether 
mitochondrial stress responses such as the UPRmt, mitohormesis and mitophagy are required for ADR 
longevity. 
In this study, we provided evidence that ADR, unlike other DR regimens, specifically activates the 
UPRmt while cytosolic and ER unfolded protein responses are unaffected. This suggests that axenic 
medium causes some sort of specific mitochondrial perturbation. In C. elegans, the UPRmt can be 
triggered by ETC disturbance, by disrupted mitochondrial protein homeostasis or by mitonuclear 
protein imbalance (Haynes & Ron 2010; Durieux et al. 2011; Houtkooper et al. 2013; Bennett & 
Kaeberlein 2014; Bennett et al. 2014). More recent studies indicate that both chromatin remodeling 
and histone modification are critical for the activation of UPRmt and its role for mitochondrial 
perturbation-mediated longevity (Merkwirth et al. 2016; Tian et al. 2016). 
Although UPRmt induction in axenic medium can be observed over the entire lifespan of the worms, it 
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specifically peaked near L4-to-adult transition. This coincides with the period of rapid expansion of 
the mitochondrial compartment during development (Tsang & Lemire 2002). It may seem plausible 
that the limited nutritional uptake under ADR cannot support the late juvenile mitochondrial 
expansion which in turn may trigger the UPRmt response. However, this scenario is unlikely as ADR 
worms have increased mitochondrial density, coupling and respiration (Houthoofd et al. 2002; 
Castelein et al. 2014b). The link between juvenile UPRmt and longevity has also been found in worms 
suffering mitochondrial lesions such as knockdown of ETC subunits (Durieux et al. 2011; Houtkooper 
et al. 2013), although general causality has been questioned (Bennett et al. 2014). Hence, an 
important question is whether juvenile UPRmt provokes the ADR longevity phenotype. A simple 
medium switch experiment showed that this is not the case: juveniles raised in axenic medium, 
showing induction of the UPRmt, were not long-lived when switched to monoxenic medium at 
adulthood. On the other hand, worms that spent their juvenile stages on monoxenic plates and were 
transferred to axenic medium at adulthood displayed the full ADR longevity phenotype. Therefore, 
juvenile UPRmt induction and lifespan extension can be uncoupled in ADR-treated worms. 
Although UPRmt peaks at L4-to-adult transition in ADR worms, it is still activated during adulthood as 
well and may support ADR longevity at that stage. This assumption was tested by assessing lifespan 
of ADR worms in which key players of the UPRmt, such as ubl-5, dve-1, haf-1, hsp-6 and atfs-1 (Haynes 
et al. 2010; Nargund et al. 2012) were knocked down or mutated. Worms unable to induce the UPRmt 
were still long-lived under ADR conditions, showing that the ADR longevity phenotype does not rely 
on UPRmt at any life stage. Interestingly, DVE-1 has been reported to interact with CBP-1 to extend 
lifespan upon bacterial dietary restriction in C. elegans (Zhang et al. 2009). Although we confirmed 
earlier that CBP-1 is involved in ADR-mediated longevity (Castelein et al. 2014a), here we find that 
DVE-1 is not required to extend lifespan under ADR conditions. This corroborates the finding that 
specific dietary regimens extend lifespan by (semi-)private molecular mechanisms (Greer & Brunet 
2009). Furthermore, the UPRmt-related transcription factor ATFS-1 was shown not to be totally 
required for lifespan extension in C. elegans (Nargund et al. 2012; Bennett et al. 2014). 
It is commonly observed that worm development under ADR is slow (about 6 or more days 
compared to 3 days in monoxenic cultures), which may be result of dietary challenges experienced 
by the larvae. However, development in axenic medium can be restored to about 3-5 days by adding 
skimmed milk to the cultures, a treatment that does not quench the UPRmt response nor does it 
abolish lifespan extension (data not shown). Hence, UPRmt activation is not related to slow 
development, but rather to other physiological adaptations under ADR. 
Next, we investigated whether mitohormesis is involved in ADR longevity, referring to the concept 
that an adaptive and protective antioxidant response is activated in mitochondria by moderate levels 
of ROS (Ristow & Zarse 2010). This protective response may increase lifespan and can operate 
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independently of the UPRmt (De Haes et al. 2014). By treating worms with the ROS scavengers NAC or 
BHA, the mitohormesis effect can be blocked efficiently (Schulz et al. 2007; Zarse et al. 2012). We 
found that antioxidant treatment did not consistently abrogate ADR longevity, suggesting the 
absence of a clear mitohormetic effect. This is further supported by the fact that DAF-16 and SKN-1, 
two transcription factors that act in the mitohormesis pathway are not involved in ADR longevity 
(Houthoofd et al. 2002; Castelein et al. 2014a). Furthermore, PRDX-2, known to mediate the 
beneficial effect of metformin treatment by activating mitohormesis (De Haes et al. 2014), does not 
play a role in ADR longevity. Other genes involved in mitohormesis, such as pmk-1, contribute to the 
longevity of C. elegans through their essential role in innate immunity against bacterial infection in 
the intestine (Yun & Finkel 2014). However, in axenic culture conditions bacterial infections at late life 
stage are excluded because of sterility of the medium. 
Interestingly, we found that 10mM of NAC is beneficial to worms under monoxenic conditions (17% 
lifespan increase), an effect that was not observed before (Yang & Hekimi 2010a), while this 
treatment is slightly toxic under axenic conditions. Dietary supplements of antioxidants were 
previously reported to have positive effects on longevity, while other studies reported controversial 
results (Back et al. 2012c). Catalase and superoxide dismutase activities are strongly up-regulated in 
axenically cultured worms (Houthoofd et al. 2002). Adding high levels of antioxidants to such 
conditions may cause reductive stress and mild lifespan shortening. 
Recently, it has been shown that mitochondrial quality control mechanisms preserve cellular 
homeostasis, in particular, the interplay between mitophagy and mitochondrial biogenesis. Tight 
regulation of both processes is essential for cellular adaptation in response to cellular metabolic 
state, stress and other intracellular or environmental signals (Palikaras & Tavernarakis 2014; Palikaras 
et al. 2015). In long-lived daf-2 worms, a general slowdown in turnover of the majority of proteins 
has been observed, suggesting a better maintenance of protein homeostasis (Dhondt et al. 2016). 
Despite the fact that mitophagy was shown to be partially involved in the genetic dietary restriction 
model eat-2 (Palikaras et al. 2015), we here ruled out the requirement of mitophagy for ADR 
longevity. 
4.5 Conclusion 
We provide solid evidence that, under axenic dietary restriction, the UPRmt is activated in C. elegans 
larvae, but this induction is not responsible for the extreme lifespan extension. We further show that 
ROS-mediated mitohormesis and mitophagy are not required for this longevity phenotype, either. 
Despite clear improvements in mitochondrial function and changes in mitochondrial morphology in 
axenically cultured worms (Castelein et al. 2008; Castelein et al. 2014b), UPRmt, mitohormesis and 
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mitophagy, do not seem to be involved in its lifespan-doubling effect. This leaves the dietary 
treatment with the largest lifespan effect still the least characterized. 
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Supplemental Information 
Table S4.1 Summary of all survival assays performed in this study (pooled data) 
Treatment Experiment 
Mean Lifespan 
(±SE days) 
Sample 
size/trials P-value(a) P-value(b) 
L4440 RNAi D1-D5 
FF 30.08±0.52 164/3 
  ADR 45.70±0.71 199/3 P <0.0001 
 
ubl-5 RNAi D1-D5 
FF 27.57±0.39 135/3 
 
P <0.0001 
ADR 40.14±0.59 204/3 P<0.0001 P <0.001 
L4440 RNAi L1-D0 
FF 24.20±0.44 289/3     
ADR 44.22±0.74 401/3 P <0.0001 
 
ubl-5 RNAi L1-D0 
FF 22.68±0.46 306/3 
 
P =0.1072 
ADR 40.11±0.59 416/3 P <0.0001 P <0.001 
L4440 RNAi 3 
generations 
FF 25.63±0.38 484/2     
ADR 47.49±0.88 309/2 P <0.0001 
 ubl-5 RNAi 3 
generations 
FF 24.77±0.52 221/2 
 
P =0.2829 
ADR 42.33±0.83 259/2 P <0.0001 P <0.0001 
L4440 RNAi D1-D5 
FF 27.05±0.40 223/3     
ADR 45.22±0.87 268/3 P <0.0001 
 
dve-1 RNAi D1-D5 
FF 25.36±0.39 267/3 
 
P =0.0193 
ADR 40.46±0.66 214/3 P <0.0001 P <0.0001 
haf-1 RNAi D1-D5 
FF 25.53±0.45 203/3 
 
P =0.0749 
ADR 42.41±0.79 239/3 P <0.0001 P =0.0139 
hsp-6 RNAi D1-D5 
FF 23.42±0.43 246/3 
 
P <0.0001 
ADR 44.35±0.90 333/3 P <0.0001 P =1 
N2 
FF 17.37±0.23 498/5     
ADR 40.22±0.61 460/4 P <0.0001 
 
atfs-1(tm4525) 
FF 17.69±0.37 677/5 
 
P =0.0103 
ADR 41.23±0.66 669/6 P <0.0001 P =0.2606 
atfs-1(et17) 
FF 18.16±0.32 423/4 
 
P =0.0540 
ADR 32.90±0.64 465/4 P <0.0001 P <0.0001 
atfs-1(et18) FF 19.05±0.28 380/3 
 
P =0.0001 
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ADR 35.30±0.64 544/4 P<0.0001 P =0.0005 
hsp-6p::gfp 
FF 16.00±0.31 311/3     
FF->ADR 29.50±0.58 300/3 P <0.0001 
 ADR 16.44±0.30 275/3 
 
P =0.5394 
ADR->FF 30.52±0.70 308/3 P <0.0001 P =0.5162 
N2 control 
FF 18.21±0.36 435/5     
ADR 32.22±0.83 329/4 P <0.0001 
 
N2 NAC (5mM) 
FF 18.24±0.38 406/5 
 
P =1 
ADR 29.38±0.84 399/4 P <0.0001 P =0.0764 
N2 control 
FF 16.96±0.34 386/5     
ADR 32.29±0.82 401/4 P <0.0001 
 
N2 BHA (25µM) 
FF 16.16±0.34 401/5 
 
P =0.2677 
ADR 29.61±0.72 399/4 P <0.0001 P =0.0096 
N2 control 
FF 17.37±0.43 269/4     
ADR 29.31±0.77 294/3 P <0.0001 
 
N2 NAC (10mM) 
FF 20.26±0.61 257/3 
 
P <0.0001 
ADR 26.11±0.60 322/3 P <0.0001 P =0.0043 
N2 control 
FF 16.99±0.48 197/3     
ADR 30.16±0.78 303/3 P <0.0001 
 
N2 BHA (50µM) 
FF 18.16±0.50 234/3 
 
P =0.0897 
ADR 27.60±0.65 327/3 P <0.0001 P =0.0566 
N2 
FF 16.45±0.27 575/6   
 ADR 33.23±0.65 456/5 P <0.0001 
 
prdx-2(gk169) 
FF 16.43±0.36 604/6 
 
P =1 
ADR 33.67±0.55 669/5 P <0.0001 P =0.9497 
N2 
FF 14.38±0.32 209/2     
ADR 30.42±0.66 228/2 P <0.0001 
 
pink-1(ok3538) 
FF 13.26±0.32 183/2 
 
P =0.0348 
ADR 27.61±0.71 235/2 P <0.0001 P =0.1936 
pdr-1(gk448) 
FF 14.97±0.32 185/2 
 
P =1 
ADR 28.34±0.61 228/2 P <0.0001 P =0.1125 
Mean lifespan is represented as pooled data of at least 2 replicates. Each 
independent replicate data is presented in Addendum. 
Notes: P-value compared to matching FF conditions (a) or matching control 
strain (b). 
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Table S4.2 Relative importance (RI) of tested conditions for ADR-mediated longevity 
No. Treatment RI SE P value 
1 ubl-5 RNAi D1-D5 0.102523 0.028496 0.047838* 
2 ubl-5 RNAi L1-D0 0.080505 0.118547 0.493056 
3 ubl-5 RNAi 3 generations 0.050162 0.029996 0.254675 
4 dve-1 RNAi D1-D5 0.015709 0.243363 0.944187 
5 haf-1 RNAi D1-D5 -0.05319 0.301266 0.848854 
6 hsp-6 RNAi D1-D5 -0.45638 0.365577 0.265884 
7 atfs-1(tm4525) -0.11411 0.204873 0.565919 
8 N2 NAC (5mM) 0.004297 0.125152 0.970276 
9 N2 BHA (25µM) 0.057494 0.165496 0.711896 
10 N2 NAC (10mM) 0.494633 0.078565 0.016406* 
11 N2 BHA (50µM) 0.032388 0.222208 0.874765 
12 prdx-2(gk169) -0.34098 0.239384 0.18648 
13 pink-1(ok3538) -0.0118 0.271653 0.960949 
14 pdr-1(gk448) 0.175244 0.062678 0.058413 
 * P <0.05; ** P < 0.01; *** P < 0.001. 
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Abstract 
In C. elegans, axenically cultured worms show many characteristic traits of worms subjected to 
dietary restriction, such as slowed development, reduced fertility and increased stress resistance. 
Hence, the term axenic dietary restriction (ADR) is often applied. ADR dramatically extends the 
worm lifespan compared to other DR regimes like bacterial dilution; however, the underlying 
molecular mechanisms still remain enigmatic. The primary goal of this study was to comprehensively 
investigate transcriptional alternations by ADR and to estimate the molecular and physiological 
changes that may underlie ADR-induced longevity. One of the most enriched clusters of up-
regulated genes was linked to lysosomal activity, while proteasomal genes were significantly down 
regulated. The up-regulation and enrichment of genes involved in amino acid metabolism is 
probably a response to the high peptide levels found in axenic culture medium. We also found that 
genes related to the integrity and function of muscles and the extracellular matrix (ECM) are up 
regulated and enriched. Consistent down-regulation of genes involved in DNA replication and repair 
may reflect the reduced fertility phenotype of ADR worms. Besides, neuropeptide genes are largely 
up-regulated, suggesting a possible involvement of neuroendocrinal signaling in ADR-induced 
longevity. In conclusion, axenically cultured worms seem to rely on increased amino acid catabolism, 
relocate protein breakdown from the cytosol to the lysosomes, do not invest in DNA maintenance 
but rather in muscle integrity and the extracellular matrix. All these changes are likely coordinated 
by peptidergic signaling. 
 
Keywords  
Axenic dietary restriction, Transcriptomics, Lifespan extension, C. elegans 
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5.1 Introduction 
The soil nematode Caenorhabditis elegans has become a powerful model organism to study the 
interaction between diet and genetics, since it was originally proposed as a multi-cellular organism in 
which genetics could be manipulated for studying physiological responses to bacterial food 
(Dougherty & Calhoun 1948). While the molecular basis of dietary restriction on organismal health 
and life-history traits is well appreciated, relatively little is known about the influence of diet on 
molecular processes that control development and aging in C. elegans, but the field is gradually 
progressing (Yen & Curran 2016). Recently, this model has been used to gain insight into the 
relationship between micronutrients, physiology and metabolism, because of its simplicity and 
genetic tractability (Watson et al. 2014; Yilmaz & Walhout 2014). 
In particular, recent important studies have reported that different types of bacterial diet could elicit 
various physiological responses via distinct mechanisms (MacNeil et al. 2013; Watson et al. 2013). 
An altered transcriptional profile has been observed in worms fed with a bacterial diet of 
Comamonas DA1877 instead of the standard food E. coli OP50, and these changes are accompanied 
by altered life-history traits such as developmental rate, fertility and longevity (MacNeil et al. 2013). 
Altogether, these findings pointed out the critical role of proper physiological responses to specific 
diets in health and aging (Cho & Blaser 2012). 
It has been noted that the nearly exclusive use of E. coli as a standard laboratory diet for C. elegans 
has brought numerous success, but has also potentially biased our understanding of C. elegans 
biology (Hodgkin & Doniach 1997; Szewczyk et al. 2006; Frezal & Felix 2015). For instance, worms 
grown on this bacterial diet display an essentially invariant developmental program and behavioral 
response to bacterial food (Sulston 1983; White et al. 1986; Bargmann & Horvitz 1991). However, 
now we do know altered life-history traits and physiological adaptations are essential for better 
survival and fitness under other growth conditions such as change of diet and axenic culture 
(Houthoofd et al. 2002; Szewczyk et al. 2006; Maier et al. 2010; MacNeil et al. 2013; Pang & Curran 
2014; Frezal & Felix 2015). 
C. elegans can also be cultured in chemically defined or semi-defined liquid or solid media without 
bacteria – which is called axenic medium (Vanfleteren 1976; Lu & Goetsch 1993; Vanfleteren & 
Braeckman 1999; Szewczyk et al. 2006; Lenaerts et al. 2008). Thus, the direct effects of specific 
nutrients on C. elegans can be tested by the addition or omission of these factors in this medium. 
However, postembryonic developmental rate and fertility are compromised in axenic medium, 
which implies that metabolically active bacteria support optimal worm health (Lenaerts et al. 2008). 
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Axenically cultured worms share many traits with worms subjected to dietary restriction, like slowed 
development, reduced fertility, a slender appearance, and prolonged lifespan. Hence, the term 
axenic dietary restriction (ADR) is often applied (Vanfleteren & Braeckman 1999; Houthoofd et al. 
2002; Castelein et al. 2014a). Like other forms of DR, the effect of ADR on worm lifespan was shown 
to be largely independent of feeding conditions during development (Lenaerts et al. 2008). Although 
the lifespan is doubled under ADR, the underlying molecular mechanisms supporting this robust 
longevity effect still remain enigmatic. As was recently shown in a genetic screen (Castelein et al. 
2014a) this mechanism is probably distinct from that of most other DR regimens. In addition, our 
previous findings showed that worms cultured in axenic medium display increased stress resistance 
and enhanced mitochondrial function (Houthoofd et al. 2002; Castelein et al. 2008; Castelein et al. 
2014b). These observations demonstrate that animals under ADR seem healthy but are 
physiologically different from animals grown under standard bacterial condition. These physiological 
differences may support the strong longevity phenotype observed in ADR worms.  
To discover which global physiological changes are induced by ADR, we performed RNAseq analysis 
of worms grown on fully fed (FF) conditions (standard E. coli cultures as food source) and worms 
grown in undefined axenic medium (ADR). We found that ADR up-regulates genes associated with 
lysosomal activity, amino acid metabolism, muscle integrity, extracellular matrix (ECM), 
transcriptional regulation, neuropeptides, and small heat stress proteins, while ADR down-regulated 
genes were related to the proteasome, cell cycle, and DNA replication and repair (Table 5.1; 
Supplemental Table 5.1). 
5.2 Materials and Methods 
Worm strains and RNAi bacteria 
The wild-type (WT) C. elegans used was Bristol N2 male stock (Caenorhabditis Genetics Center 
(CGC), Minneapolis, MN). rrf-3 hypersensitive to RNAi strain was used for lifespan screen and 
neuron-specific RNAi strain TU3401 (Calixto et al. 2010) was used to test neuropeptide genes. dsRNA 
expressing bacterial strains targeting candidate genes were from the genomic RNAi library 
(produced by J. Ahringer). As a control, the bacterial strain containing the empty vector L4440 was 
used. 
Worm maintenance  
Worm culture conditions were adapted as previously described (Castelein et al. 2014b). Worms 
cultured on standard NGM plates seeded with E. coli bacteria (monoxenic) were defined as fully-fed 
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(FF), while animals cultured in semi-defined axenic medium (axenic) was referred to axenic dietary 
restriction (ADR). To avoid contamination, 100 μg/mL ampicillin was added to both cultures. The day 
of L4-to-adult transition was determined as Day 0 of adulthood. For monoxenic and axenic cultures, 
it took 3 and 6 days on average to reach this stage at 20 °C, respectively. Worm samples were 
collected and cleaned by gravitational settling followed by three to five washes in S-basal. 
Briefly, For axenic culture, the basal medium consists of 3% soy peptone (Sigma-Aldrich, St. Louis, 
MO) and 3% yeast extract (Becton-Dickinson, Franklin Lake, NJ), final concentrations (f.c.). Since C. 
elegans is not capable of heme synthesis, after autoclaving the basal medium was supplemented 
with 0.05% haemoglobin f.c. (bovine; Serve, Heidelberg, Germany) diluted from a 100x stock in 0.1M 
KOH (autoclaved for 10 minutes). Axenic medium is very rich in nutrients and easily gets 
contaminated by microbes. Hence, all equipment and preparations should be handled in a laminar 
flow cabinet to ensure sterility. 
Worm sampling and library preparation 
For RNAseq analysis, a parental worm culture was first on standard NGM plates seeded with E. coli 
OP50, after which gravid worms were double bleached.  The resulting eggs were distributed into 
either axenic liquid medium, or NGM plates with E. coli OP50. FUdR (100 M) was added at L4 stage 
to the NGM plates and at the second day of adulthood (D2), the worms were collected from the 
plates, washed at least five times with S buffer, and stored at -80°C. In axenic cultures, FUdR (50 M) 
was administered at L4 stage after which they were moved to either axenic liquid (ADRl) or axenic 
solid (ADRs) cultures (Lenaerts et al. 2008). At D2, worms were washed and stored at -80°C.  
The total mRNA of each sample was extracted, purified and prepared using the Ion Total RNAseq kit 
from Ambion and sequencing was completed using the Ion Torrent PGM next generation sequencer, 
which allows RNAseq on ‘318’ chips (1 Gbase / 8 million reads capacity per chip). 
Sequence analysis 
Sequence analysis was performed with CLC Bio Genomics Workbench version 7.5 (CLC Bio). The 
procedures include quality control of the raw data, pre-processing of raw data (trimming of 
sequences, removal of rRNA), mapping to the C. elegans reference genome WS, experimental setup 
and statistical analysis. Sequences smaller than 50 bp were removed. Default parameters were used 
for reference mapping. The expression value of each gene is expressed as RPKM (reads per kilobase 
of exon model per million mapped reads) (Mortazavi et al. 2008), with an unspecific match limit of 
10 and maximum number of 2 mismatches. Following mapping parameters were used: mismatch 
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cost: 2, lower indel cost: 1, length fraction: 0.5, similarity fraction; 0.8 and no global alignment. 
Statistical comparison of RPKM values between the control and axenic libraries was carried out using 
Empirical analysis of DGE (Robinson & Smyth 2008; Robinson et al. 2010) and multiple comparison 
correction was performed using a false discovery rate (FDR). Genes were considered to be 
differentially expressed (DE) when the False Discovery Rate P-value was less than 0.001 with a 
greater-than-or-equal-to two-fold change in expression.  
Functional analysis and data visualization 
Differentially expressed genes were first uploaded to the tool 'Protein ANalysis THrough 
Evolutionary Relationships (PANTHER) classification system version 9.0' for gene identification and 
general functional characterization (Mi et al. 2013). In order to identify enriched biological themes 
and GO terms, wormbase gene IDs of differentially expressed genes were uploaded to the online 
bioinformatic tool, the Database for Annotation, Visualization, and Integrated Discovery (DAVID) 
(Huang et al. 2007a; Huang et al. 2007b) to look for enrichment in functional clustering and 
annotation. Functional clustering was performed with high stringency. Biological Process terms 
(DAVID ‘BP Level 2’ categories) were considered significantly enriched when the P-value was less 
than 0.05. Pathway enrichment was determined using DAVID by querying the Kyoto Encyclopedia of 
Genes and Genomes (KEGG).  
Heatmap visualization of different expressed genes was done with the MultiExperiment Viewer, part 
of the TM4 microarray software suit (Saeed et al. 2003; Saeed et al. 2006). Euclidean distances 
between genes were calculated and used as a distance metric in a hierarchical clustering analysis 
(HCA), together with an average pairwise distance as linkage method. Pavlidis template matching 
(PTM) (Pavlidis & Noble 2001) was used to generate gene lists confirming to an expression pattern of 
interest. The PTM algorithm allows a dataset to be searched for genes of which the differential 
expression matches a user-defined template profile, based on the Pearson correction between the 
template and the genes in the dataset (Pavlidis & Noble 2001). Graphs and statistical tests (including 
tests for normality) were performed with Graphpad Prism version 6.05 for Windows (Graphpad 
Software, La Jolla California, USA).  
Lysosomal activity assay 
Equal amounts of worms from same batches were frozen and stored at −80 °C. All samples were 
homogenized by bead beating in 50 mM Na/K phosphate buffer, pH 7.8. Bead beating was 
performed in a Precellys24 homogenizer, for 30 s at 6800 rpm. To release lysosomal enzymes into 
the homogenate, CHAPS detergent was added at a final concentration of 1% and the homogenate 
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was kept on ice for 15 min after which the bead beating step was repeated. Insoluble debris was 
removed by centrifugation at 14000 rpm for 8 min at 4°C. A part of the obtained supernatant was 
subjected to determination of total protein concentration using a bicinchoninic acid (BCA) assay 
(Pierce Biotechnology, Rockford, IL). The rest of homogenate was used for acid phosphatase and 
cathepsin enzyme assays. 
Acid phosphatase assay 
The acid phosphatase assay was performed using a SpectraMax microplate reader. Ten μl of sample 
was mixed with 90 μl of reaction mixture, containing 4-methylumbelliferyl phosphate (4-MUP) at a 
final concentration of 97.5 μM in 50 mM citrate buffer, pH 4.6. The excitation and emission 
wavelengths, optimal for unsubstituted 4-MUP substrate, were set at 360 nm and 450 nm 
respectively.  
Cathepsin activity measurement 
Cathepsin activity was measured using a Magic RedTM Cathepsin detection kit (Immunochemistry 
Technologies, LLC) based on fluorometry. The reaction mixture consisted of 10 μl of homogenate, 
190 μl of sodium acetate buffer (50 mM, pH 4.6) and 8 μl of Magic RedTM 26x solution.  
Confocal imaging 
The transgenic reporter strain OD95 was used to observe germline morphology. Animals were grown 
both in fully-fed and axenic dietary restriction conditions as described above. Day 1 adult worms 
were randomly picked for confocal imaging. Images were taken with a Nikon C2 confocal microscope 
using 488-nm excitation wavelength with a 520/30-nm band pass filter for green fluorescence and 
561-nm excitation wavelength with a 605/55-nm band filter for red fluorescence. 
Transmission Electron Microscopy (TEM) analysis  
Preparation of samples was described previously (Depuydt et al. 2013). Briefly, transverse sections 
of young adults (D2) of wild type N2 strain, cultured on NGM plate seeded with bacteria OP50 and 
axenic conditions were observed. TEM images were analyzed with specific attention to muscle 
structure and worm cuticle. Electron microscopy was done using a Jeol JEM 1010 (Jeol, Tokyo, Japan) 
operating at 60 kV. Images were digitized using a DITABIS system (Pforzheim, Germany).  
Survival assay 
Lifespan assays were performed as described previously (Castelein et al. 2014a). Axenic dietary 
restriction was performed in liquid culture as usual while fully-fed (FF) conditions were carried out 
on solid NGM plates seeded with a lawn of E. coli OP50. Briefly, gravid adults were subjected to a 
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microbleaching procedure in which about ten worms were brought in a 10 µL drop of sterile distilled 
water. Then 10 µL alkaline bleach (12° hypochlorite and 1M NaOH f.c.) was added and left to 
incubate until all adults were dissolved or for maximally ten minutes. 
Before RNAi treatment, worms were cultured on standard nematode growth medium (NGM) agar 
plates seeded with the Escherichia coli OP50 bacteria until adulthood. RNAi was carried out following 
standard bacterial feeding protocols (Timmons et al. 2001) and performed on adult worms for five 
days before they were transferred to the experimental conditions. For each strain, around hundred 
worms were placed on small NGM plates (10 per plate) seeded with E. coli OP50 as fully fed (FF) 
control. For ADR, about hundred worms were transferred to small screw-cap tubes (three to five 
worms per tube) containing 0.3 mL of liquid axenic medium (ADR).  Progeny production was avoided 
by the addition of FUdR at 100 µM and 50 µM f.c. for FF and ADR, respectively.  Survival was scored 
at regular time intervals: daily for the FF condition, every other day for the ADR conditions.  In solid 
conditions, worms were considered dead if they did not respond to gentle prodding with a platinum 
wire.  In liquid conditions, worms were scored dead if no movement could be detected, even after 
gently tapping the tubes.  Worms that died of protruding vulva or crawling off the plates were 
censored. All lifespan assays were conducted at 20°C and were repeated at least twice 
independently (pooled data is shown).  
Data was analyzed with the online application for survival analysis (OASIS) as described by (Yang et al. 
2011). In all cases, lifespan data is indicated as mean ± s.e.m. and p-values were calculated using the 
log-rank (Mantel–Cox) method. Lifespan data and statistics for all experiments are provided in 
Supplementary Table 5.2. 
5.3 Results and Discussion 
5.3.1 Transcriptomic profiling of fully-fed (FF) and axenic dietary restricted 
(ADR) worms 
Before transcriptomic analysis, we described the major phenotypes in our ADR worms: a doubled 
lifespan (+102%, P< 0.001; Figure S5.1A) and a small slender body (Figure S5.1B), consistent with 
previous reports (Houthoofd et al. 2002; Castelein et al. 2014a). To gain insight into the molecular 
mechanisms underlying ADR-induced longevity, we evaluated global changes in C. elegans gene 
expression by comparing fully-fed and ADR-treated adult worms at the second day of adulthood. A 
full list of differentially expressed (DE) genes can be found in supplemental electronic file 1. 
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Figure S5.1 Survival and general appearance of FF and ADR adult worms. 
A. lifespan analysis of FF and ADR worms with mean lifespan, 16.45±0.27 and 33.23±0.65 (mean± 
s.e.m), respectively. B. Nomarski DIC microscopy of FF and ADR worms; average body volume is 
indicated below the micrographs (mean± s.e.m). Volume was estimated using the cylinder formula 
and the measurements  fo worm length (1152.97±5.41 and 933±6.63 µm for FF and ADR worms 
respectively) and width (40.93±1.27 and 33.8±0.10 µm for FF and ADR respectively). 
In order to quantify and validate our bioinformatic analysis, we generated principal component 
analysis (PCA) and hierarchical clustering analysis (HCA) of the transcriptomic profiles from all our 
samples. Replicate samples of FF and ADR treatments clearly clustered together in both analyses 
although one ADR sample did not cluster for one principle component (Figure 5.1A and B). Overall, 
this indicated high reproducibility between all replicates per treatment and served as a quality 
assurance of our dataset. We identified more than 1500 genes that were differentially expressed, 
with 943 genes up-regulated and 671 genes down-regulated (>2-fold change and FDR<0.1%) in 
response to the ADR treatment (Figure 5.1C and D; Supplemental file 5.1). Interestingly, more genes 
were up-regulated than down-regulated and this tendency became even more obvious when 
differential expression limits were set to 4-fold change (Figure 5.1D), indicating there were many 
down-regulated genes with a fold change between 2 and 4, while more genes with high fold changes 
occurred in the up-regulated group. To obtain a general functional overview of the data set, the DE 
genes were first submitted to the PANTHER online analysis tool and grouped into functional clusters 
based on their molecular function (MF), biological processes (BP) and cellular component (CC) 
(Figure 5.1E and F) (Mi et al. 2013). Strikingly, genes coding for extracellular components are almost 
exclusively up-regulated (Figure 5.1F). 
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Figure 5.1 Quality control analysis of the transcriptomic profiles and primary functional clustering 
of differentially expressed genes by PANTHER online analysis. 
A and B: PCA and HCA analysis of each biological replica. C: Volcano plot of DE genes with 
significance (marked in red; other genes detected marked in blue). D: Number of DE genes with 
different fold change. E and F: Results of the PANTHER online analysis (Mi et al. 2013; Mi et al. 2016) 
of DE genes submitted; (E) biological processes (BP) and (F) cellular component (CC). 
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5.3.2 Multiple biological processes and pathways are modulated by ADR 
We further analyzed the set of DE genes with the DAVID tool for functional clustering and 
discovering gene ontology associations (Dennis et al. 2003; Huang et al. 2007a; Huang et al. 2007b). 
Subsets of ADR-up-regulated genes were involved in lysosomal activity, amino acid metabolism, 
cytoskeletal and muscular structure and function, extracellular matrix, neuropeptides and 
transcription. In contrast, genes required for the ubiquitin-proteasome system, cell cycle and DNA 
replication and repair were found to be significantly repressed (Table 5.1, Table S5.1). 
Table 5.1 Enriched pathways of differentiated expressed genes (from DAVID bioinformatics 
Resource). Reported P value is the modified Fisher Exact P value or EASE score. 
Enriched 
pathway Term 
Fold 
enrichment P value 
Up-regulated 
  KEGG Alanine, aspartate and glutamate metabolism 4.09 5.22E-03 
KEGG Calcium signaling pathway 3.20 9.56E-03 
KEGG Arginine and proline metabolism 3.54 1.09E-02 
KEGG Nitrogen metabolism 4.00 3.09E-02 
KEGG MAPK signaling pathway 2.32 3.40E-02 
Down-regulated 
  KEGG Proteasome 5.22 1.77E-07 
KEGG Mismatch repair 6.03 1.49E-04 
KEGG Ubiquitin mediated proteolysis 2.68 2.86E-04 
KEGG Nucleotide excision repair 3.39 3.38E-03 
KEGG DNA replication 3.29 7.97E-03 
KEGG TGF-beta signaling pathway 3.02 1.30E-02 
5.3.3 Increased lysosomal activity may link to the breakdown of absorbed 
nutrients from axenic medium 
The autophagic–lysosomal pathway (ALP) is one of the primary pathways responsible for the 
degradation and breakdown of cellular components, such as absorbed nutrients, truncated or 
misfolded proteins and impaired organelles (Jegga et al. 2011). Age-associated decline in 
autophagic-lysosomal function has been suggested to be the main cause of the progressive loss of 
proteostasis resulting in aging (Taylor & Dillin 2011). We identified significant changes in the gene 
expression related to the major intracellular protein degradation machineries – lysosomes and 
proteasomes. A group of genes encoding lysosomal hydrolases and regulating lysosomal biogenesis 
are up-regulated (Figure 5.2A and B), while genes involved in ubiquitin conjugation, elongation and 
the major components of proteasome are down-regulated (Figure 5.3). 
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Genes covering several aspects of lysosomal activity are induced by ADR, including cystein-type 
proteases, aspartyl proteases, trypsin-like proteases, carboxypeptidases as well as lipases and acid 
phosphatases (Figure 5.2A and B). Hence, this points to a general elevation of lysosomal activity in 
ADR worms for the breakdown of proteins as well as lipids. 
To further investigate the role of lysosomal activity in ADR, we measured the activity of lysosomal 
marker enzymes to confirm the transcriptional changes identified. The activity of cathepsin B, 
cathepsin L and acid phosphatase were quantified using samples from the same batch as for RNAseq. 
Lysosomal enzyme activities were indeed significantly enhanced in the ADR worms (Figure 5.2C-E). 
Increased lysosomal activity may underlie the high demand for degradation of nutrients from the 
axenic medium to provide energy and building blocks for the anabolic processes in the cell. 
Lysosomes also take part in autophagy, a process which was shown to be indispensable for several 
interventions that promote longevity such as dietary restriction and reduced insulin/IGF-1 signaling 
(IIS). Autophagy is thought to remove damaged proteins and slow down aging (Bergamini et al. 2003; 
Hansen et al. 2008; Terman et al. 2010). Consistent with this notion, dietary restriction was found to 
stimulate autophagy (Lapierre et al. 2013a). However, we did not observe significant up-regulation 
of autophagy-related genes in ADR-treated worms. Also, the lifespan extending effect of ADR was 
not abolished by RNAi knockdown of the autophagy genes bec-1 and lgg-1 (Figure S5.2). Hence, 
autophagy may not be required for ADR longevity. 
 
Figure S5.2 Survival of RNAi knockdown of autophagy genes, bec-1 and lgg-1. 
A and B: Effect of bec-1 (A) and lgg-1 (B) RNAi knockdown on worm lifespan under FF and ADR 
conditions (only one replicate). 
Taken together, we hypothesize that increased lysosomal activity under ADR reflects the elevated 
capacity for breakdown of proteins and peptides. This is probably necessary as the axenic medium is 
highly enriched for these compounds and contains relatively low amounts of carbohydrates and 
almost no fat.  After lysosomal digestion, free amino acids may be transported to the cytosol and 
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used for protein synthesis or deaminated and burned in the TCA cycle to meet energetic demands. 
Molecules produced by autophagy-lysosome degradartion is involved in Lysosome-center signaling 
for lipid metabolism (Mony et al. 2016). 
 
Figure 5.2 Increased lysosomal activity was observed by ADR. 
A: up-regulated expression of genes in acid phosphatises, lipases, other lysozymes and amino acid 
(AA) transporters. B: up-regulated expression of genes in peptidases. C: cathepsin L activity 
measurement of FF and ADR worms samples. D: acid phosphatase activity measurement of FF and 
ADR worms samples. E: cathepsin B activity measurement of FF and ADR worms samples. * P< 0.05, 
**P< 0.01, ns: not significant. 
5.3.4 Decreased expression of the ubiquitin-proteasome system 
The ubiquitin-proteasome system (UPS) is the most important pathway for degradation of nuclear 
and cytosolic proteins and is involved in the regulation of a variety of physiological and 
pathophysiological processes including tumorigenesis, inflammation and cell death (Ciechanover 
2005). Proteasome activity decreases with age which may be linked to the gradual accumulation of 
abnormal and oxidized proteins in old animals.  This suggests that the UPS may be a major regulator 
of aging (Betarbet et al. 2005; Kahn et al. 2008; Carrano et al. 2009; Vilchez et al. 2012; Vilchez et al. 
2014). 
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In our transcriptome data set, we found consistent down-regulation of genes coding for proteins of 
the UPS system such as ubiquitin conjugating enzymes, ligases and proteasome subunits (Figure 5.3). 
The ubiquitin-conjugating enzyme UBC-18 is known to interact with WWP-1 which mediates dietary 
restriction-induced longevity (Carrano et al. 2009). However, we showed earlier that wwp-1 is not 
required for lifespan extension under ADR (See 'Addendum'). 
The decreased expression of proteasomal subunits that we observe in long-lived ADR worms seems 
to conflict with earlier reports where increased proteasomal expression (and thus enhanced 
clearance of damaged proteins) is linked to lifespan extension. It was found that ectopic expression 
of rpn-6 is sufficient to confer proteotoxic stress resistance and extend lifespan in C. elegans (Vilchez 
et al. 2012). 
 
Figure 5.3 down-regulated genes in ubiquitin proteasome system. 
A: General down-regulation of genes in ubiquitin-activation enzyme E1, ubiquitin-conjugation 
enzyme E2 and ubiquitin-protein ligase E3. B: General down-regulation of genes in ubiquitin 
elongation enzyme E4, deubiquitiating enzyme and proteasomal subunits. 
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The regulation of skn-1 is tied to the protein-degradation machinery and inhibition of proteasomal 
activity can induce activation of SKN-1 to maintain cellular stress defence (Kahn et al. 2008; Li et al. 
2011). RNAi-targeted inhibition of most proteasome subunits in C. elegans causes nuclear 
localization of SKN-1 and, in some cases, induced transcription of the glutathione-S-transferase gst-4 
(Kahn et al. 2008).  Besides SKN-1, also ELT-2 and the autophagy-lysosome pathway can be activated 
upon proteasomal inhibition, resulting in increased longevity and enhanced resistance to multiple 
threats to the proteome, including heat, oxidative stress, and the presence of aggregation prone 
proteins (Blackwell et al. 2015). Therefore, inhibition of proteasomal activity seems to activate 
compensatory processes such as autophagy and stress-response pathways. However, it is unlikely 
that this feedback loop is of play in ADR worms as we have shown earlier that SKN-1 not involved in 
ADR longevity (Castelein et al. 2014a). 
5.3.5 General increase of amino acid metabolism 
To maintain homeostasis, a cell must be able to sense its energy state, assess nutrient availability, 
and modulate metabolic pathways in a coordinated fashion. Different diets provide nutrients in 
different proportions and affect the transcription of metabolic genes in different ways. Dramatic 
changes in gene expression occur following dietary shifts in C. elegans, D. melanogaster and M. 
musculus (Carsten et al. 2005; MacNeil et al. 2013; Watson et al. 2013). The TOR kinase is a major 
amino acid and nutrient sensor and inhibition of TOR signaling can extends longevity in multiple 
model organisms (Schmelzle & Hall 2000; Vellai et al. 2003; Kapahi et al. 2004; Kaeberlein et al. 2005; 
Harrison et al. 2009; Johnson et al. 2013). 
Axenic medium contains 3% soy peptone, 3% yeast extract, and 0.05% haemoglobin, hence it is rich 
in protein, less so in carbohydrates, and the level of fat is below the limit of detection (Lenaerts et al. 
2008). In line with this, we detected an enrichment of up-regulated genes in amino acid metabolism, 
particularly glutamate metabolism (Figure 5.4; Table S5.2). It has been shown that amino acid 
catabolism may replenish the TCA cycle in the C. elegans daf-2 mutant (Depuydt et al. 2014). In 
accordance, we found an increase in the expression of glutamate-hydrolyzing enzymes (ASNS-2) and 
glutamate-ammonia ligases (GLN-1 and GLN-3), enzymes essential for catalyzing the amination of 
glutamate into glutamine (Figure 5.4B). We also found a mild increase (2.3-fold) in the putative 
glutamate synthase W07E11.1, which can interconvert glutamate to glutamine and alpha-
ketoglutarate (Figure 5.4A and B). We speculated that this expression pattern hints at an increased 
amino acid catabolism in ADR-treated worms. In agreement with this is the clear 7.7-fold increase of 
expression of the D-amino acid oxidase gene, daao-1 (Figure 5.4A). DAAO-1 catalyzes the oxidative 
deamination of d-amino acids with oxygen and this reaction produces hydrogen peroxide, ammonia, 
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and the corresponding 2-oxo acid (Katane et al. 2007; Katane et al. 2010). Other related up-
regulated genes include odc-1, ornithine decarboxylase, the first enzyme of polyamine biosynthesis 
and the cytosolic glutamic-oxaloacetic transaminase (got-1.2) connecting amino acid to 
carbohydrate metabolism (Figure 5.4B). 
 
Figure 5.4 Heatmap and metabolic pathway of differentially expressed genes in amino acid 
metabolism. 
A: General up-regulation of genes in amino acid metabolism. B: Part of the amino acid metabolic 
pathway (enriched amino acid metabolism is marked in red; proteins are marked in blue). 
5.3.6 Chaperones and detoxifying enzymes are up-regulated in ADR worms 
ADR-treated worms showed a general increase of small heat shock proteins (HSP), glutathione-s-
transferases (GST) and a UDP-glucuronosyltransferases (Figure 5.5). The latter two groups are 
involved in xenobiotic detoxification (Gems & McElwee 2005; Oakley 2011). In long-lived daf-2 
mutants, small heat shock proteins may be involved in protein stabilization: they may sequester 
surplus proteins to maintain protein balance (Walther et al. 2015) and render the daf-2 proteome 
less prone to aggregation (David et al. 2010; Walther et al. 2015). Increased protein protection has 
been suggested to be beneficial for the animal because it prevents damage to proteins, thereby 
delaying the gradual collapse of protein homeostasis with age (Taylor & Dillin 2011). However, it 
should be taken into account that heat shock proteins are subject to strong post-transcriptional 
regulation and mRNA levels may not accurately reflect actual protein levels. Indeed, in the IIS 
mutant daf-2, transcriptional elevation of HSPs has been described (McElwee et al. 2004; Halaschek-
Wiener et al. 2005) while protein levels (Dong et al. 2007; Depuydt et al. 2013) and turnover rates 
(Dhondt et al. 2016) were shown to be actually lower than in control strains. 
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Figure 5.5 Increased expression of genes in cellular protein homeostasis and xenobiotic 
detoxification. 
Panel top: Chaperones, middle: glutathione-S-transferase, bottom: UDP-glucuronosyltransferase. 
Taken together, the transcriptional profile of chaperones and the xenobiotic detoxification 
machinery very much resembles the pattern observed in long-lived daf-2 mutants.  It is still unclear 
whether the up-regulation of these gene sets is also dependent on DAF-16 activity in ADR worms.  
Taking into account that ADR longevity is DAF-16 independent, this would signify that up-regulation 
of these protective systems in ADR worms does not support their doubled lifespan. 
5.3.7 Increased expression of genes in muscle function under ADR 
Our result revealed more than 45 differentially expressed genes involved in muscle structure and 
function (Figure 5.6A-C) and they were almost exclusively up-regulated. This indicates that enhanced 
muscle integrity and function may fulfill key roles in preventing muscle deterioration in ADR worms, 
and may contribute to their increased healthspan. 
The up-regulated muscle genes include a list of myo genes for the synthesis of striated muscle thick 
filaments, of which myo-3 and unc-54 encode the two myosin heavy chain (MHC) proteins. myo-1, 
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myo-2 and myo-5 are expressed in the pharyngeal muscle and up-regulation may be responsible for 
improved pumping in ADR worms (Miller et al. 1983; Miller et al. 1986). The myosin light chain 
proteins, encoded by mlc-1, mlc-2 and mlc-3, regulate the ATPase activity of the MHCs (Moerman & 
Fire 1997; Moerman & Williams 2006). These genes were also up-regulated in ADR worms. mlc-3 is 
an essential muscle component, whereas mlc-1 and mlc-2 appear to have redundant functions 
(Moerman & Fire 1997; Moerman & Williams 2006). Paramyosin (UNC-15), a core component of 
thick filaments that interacts with MHC A (MYO-3) and MHC B (UNC-54) (Epstein et al. 1985; Hoppe 
& Waterston 1996), shows elevated expression in ADR worms as well (Figure 5.6A). 
Thin filaments of scarcomere are primarily composed of actin, troponin, and tropomyosin. Troponin 
and tropomyosin form a complex that regulates actin-myosin interactions in response to calcium 
(Moerman & Williams 2006). We do see elevated expression of several actin-binding and regulatory 
proteins such as UNC-78 and GSNL-1. unc-78 encodes a WD (tryptophan and aspartic acid) repeat- 
containing protein homologous to actin-interacting protein (AIP) that regulates the ordered 
assembly of actin in myofibrils (Ono et al. 2011). gsnl-1 encodes one of three C. elegans gelsolin-
related proteins and is predicted to function as an actin regulatory protein (Yamashiro et al. 2008). 
In C. elegans, troponin and tropomyosin form a complex that regulates actin-myosin interactions in 
response to calcium (Moerman & Fire 1997; Moerman & Williams 2006). Troponin is comprised of 
three subunits, TnI, TnT, and TnC and all detected C. elegans isoforms together with the 
tropomyosin gene lev-11 were found to be up-regulated in ADR worms (Figure 5.6A). 
Additionally, genes required for initial muscle assembly are also selectively enriched in ADR worms. 
The sarcomere is attached to the cell membrane by both dense bodies and M-lines. Components of 
these structures are also highly expressed in worms in axenic culture (Figure 5.6B). Expression of two 
genes, D2063.1 and Y71HAM.15, is virtually absent in control worms while clearly present in ADR-
treated animals. Interestingly, D2063.1 located in dense body, has predicted oxidoreductase activity 
and may serve more than just a structural function. Y71H2AM.15 is shown to localize in the cell 
junction and the dense body and is involved in lifespan determination (Meissner et al. 2011).  
Muscle structure and function also depend on a family of very large cytoplasmic proteins, which 
contain multiple fibronectin and immunoglobulin domains (Moerman & Fire 1997; Flaherty et al. 
2002; Moerman & Williams 2006). The founding member of this gene family, unc-22, encodes 
'twitchin' (Moerman et al. 1988), is also up-regulated under ADR. Genes coding for muscular calcium 
signaling and homeostasis are also increased (Supplemental e-file 1). Besides genes that support 
muscle function, also genes involved in muscular structure are up-regulated in ADR worms (Figure 
5.6C).  This may prevent muscle weakening and degeneration caused by hyperactivity of worms in 
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axenic medium. Among them, dystrophin encoded by dys-1, is localized beneath the sarcolemma 
and is attached to actin filaments as well as to the dystrophin glycoprotein complex (DGC) (Gieseler 
et al. 2000). This protein complex stabilizes the sarcomere and prevents damage to muscle fibers 
induced by long-term contraction (Grisoni et al. 2002; Segalat 2002). In addition, proteins encoded 
by unc-97, unc-52, emb-9 and let-2, of which the expression is also up-regulated, are important for 
muscle attachment (Norman & Moerman 2000; Merz et al. 2003; Moerman & Williams 2006). 
We next tested whether these transcriptional changes in muscle-related genes result in visible 
structural adaptations in the axenically cultured worms by using transmission electron microscopy 
(TEM). Although the absolute surface area of sarcomeres is significantly reduced in ADR worms, the 
relative proportion of muscular to non-muscular tissue is increased in these animals (Figure 5.6D-F; 
Figure S5.2).  This phenotype resembles that of daf-2 worms described earlier by our group (Depuydt 
et al. 2013) and hints at specific maintenance of muscular tissue in these animals. However, it should 
be noted that turnover rates of muscle-related proteins is, on average, extremely slow with protein 
half lives often exceeding worm lifespan, indicating that many structural muscle proteins are only 
produced once in a lifetime (Dhondt et al. 2016). This property may explain the high stability of 
muscle content over other tissues. This way, decreased investment in protein synthesis will affect 
muscles to a lesser extent than compared to other tissues. Despite this stability, muscle integrity 
decreases with age: pharyngeal pumping rates gradually decline during adulthood, such that after 
the first week of life, feeding capacity is greatly diminished (Huang et al. 2004), a functional decline 
that tracks with physical changes in muscle integrity. C. elegans body wall muscle deteriorates with 
age as well, featuring sarcomere loss (Herndon et al. 2002; Chow et al. 2006). Physical decline is 
correlated with loss of locomotion vigor. Therefore, it will be of importance to compare late-age 
pharyngeal pumping rates and swimming (body bend frequency) in FF and ADR worms, which would 
further confirm our results here. 
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Figure 5.6 Enhanced expression of genes in muscle structure and function. 
A-C: Up-regulated genes in thick filaments, thin filaments, muscle assembly, dense body and muscle 
function. D: Transmission electron micrographs (TEM) of muscle structure of both FF and ADR 
worms; S: sarcomere, M: mitochondira. E: Smaller size of sarcomere in ADR worms compared to FF 
ones. F: Increased muscle mass by ADR indicated by normalised to total cross section. 
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Figure S5.2 ADR worms have elevated muscle mass compared to fully-fed controls. 
Muscle cells were marked as red area of the total cross section of worm middle body (TEM images). 
Area size of muscle (in red) was determined by Image J software and normalized to total section 
area. 
5.3.8 Increased expression of extracellular matrix factors and collagens 
In our transcriptomic dataset, we detected a list of up-regulated genes involved in collagen synthesis 
and processing enzymes like metalloproteinases (Figure 5.7A and B). Most of these detected genes 
encode structural constituents of the cuticle and have not been linked to longevity previously (Ewald 
et al. 2015). col-124 is the strongest up-regulated gene with 96-fold change, indicating that its 
product might be involved in maitainance of youth look of axenically cultured worms. For example, 
both col-14 and col-183 were specifically switched on in ADR worms, but not FF worms. COL-14 
affects vulva morphology based on a large-scale RNAi screen, while COL-183 is a structural 
constituent of cuticle and positive regulator of growth (Simmer et al. 2003). But how can this be 
reconciled with the small phenotype of axenic worms is not yet known. 
In order to visualize in detail, we conducted transmission electron microscopy (TEM) of worms and 
compare the structures of extracellular matrix and cuticles. We found that FF worms seem to exhibit 
thicker cuticle, while ADR worms show thinner cuticle, contrary to the hypothesis that increased 
collagen level contributes to longevity (Figure 5.7C). It would be interesting to test this hypothesis 
using late-life adult animals for TEM imaging and also quantify collagen level in both conditions. 
Transcriptomic analysis of ADR worms 
144 
 
In C. elegans, a marked thickening of the cuticle, up to ten-fold, during aging has been shown (Ewald 
et al. 2015). This indicates that hypodermal cells continue collagen synthesis well into adulthood, 
even though aging animals have passed larval moulting periods. The cuticle of old animals is quite 
wrinkled, which might reflect the weakening of collagens in the extracellular matrix (Herndon et al. 
2002). Increase of the cuticle thickness with age might correspond to the hyperfunction theory of 
aging, which states out that overactivity of biosynthetic processes during adulthood contributes to 
hypertrophy (Blagosklonny 2006; Gems & de la Guardia 2013). Under conditions of decreased IIS 
signaling that do not induce dauer traits, SKN-1 most prominently increases expression of collagens 
and other extracellular matrix genes (Ewald et al. 2015). Diverse genetic, nutritional, and 
pharmacological pro-longevity interventions delay age-related decline in collagen expression. The 
importance of collagen production in diverse anti-aging interventions implies that extracellular 
matrix remodeling is a generally essential signature of longevity assurance, and that agents 
promoting youthfulness of the extracellular matrix may have systemic benefit (Budovskaya et al. 
2008; Ewald et al. 2015). 
It has been reported that RNAi knockdown of collagens during adulthood does not affect body size, 
impairs cuticle function, or increases markers of various stresses. However, knockdown of these 
collagens interfered with the capacity of these interventions, such as DR or daf-2 mutation to delay 
aging (Ewald et al. 2015). To investigate the functional importance of ADR-up-regulated collagens, 
we performed survival assays upon RNAi knockdown of specific collagens during adulthood. None of 
these collagen knockdowns affected ADR-mediated lifespan extension (Supplemental file 2). This 
contrasts with earlier findings that inhibition of some collagens significantly reduced lifespan 
extension in worms subjected to daf-2 RNAi (Ewald et al. 2015). In addition to collagens, we also 
found up-regulated genes involved in collagen processing (Figure 5.7B). daf-2(e1370) lifespan was 
shown to be also dependent on such genes, such as extracellular proteases important for cuticle 
formation (Ewald et al. 2015).  
Why would diverse interventions that cause longevity induce and depend upon remodeling of the 
extracellular matrix (ECM) Under conditions of low nutrient availability, it might be advantageous to 
allocate resources towards ECM maintenance. The ECM also may directly affect signaling that 
orchestrates these longevity pathways, consistent with studies in other systems that identified 
signaling functions of collagens, and critical effects of the ECM on signaling pathways (Munger et al. 
2011; Fu et al. 2013). 
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Figure 5.7 Increased expression of extracellular matrix genes. 
A: Up-regulated expression of collagen genes. B: Up-regulated expression of genes in collagen 
processing, laminin and other extracellular matrix. C: TEM images of cuticles from both FF and ADR 
worms; Inset bar graph indicates FF worms have siginificantly thicker cuticle by absolute 
measurement (indicated in red). 
5.3.9 Down-regulation of DNA replication, repair and cell cycle genes may link 
to the reduced fertility 
Axenically cultured worms show the typical DR-like characteristic trait of declined fertility 
(Vanfleteren & Braeckman 1999; Houthoofd et al. 2002; Szewczyk et al. 2006). In support of this, we 
detected a group of down-regulated genes involved in the cell cycle, particularly meiosis (Figure 5.8A 
and B). For example, the down-regulated mei-2 is important for maturation of oocytes and its 
mutation results in defective meiosis (Maeda et al. 2001). Another reproduction-related gene 
showing decreased expression is egg-3, required for cortical rearrangements at the oocyte surface 
after sperm entry (Parry et al. 2009). In addition, other enriched clusters of genes involved in DNA 
replication, repair and histones were also recovered in the set of down-regulated genes (Figure 5.9A 
and B). Since adult worms are essentially post-mitotic and mitosis only occurs in the germline, we 
deduced that down-regulation of DNA replication and repair may relate to the limited production of 
oocytes, which was microscopically confirmed by using OD95 strain for imaging (Figure 5.8C). It has 
been reported earlier that worms under ADR experience a certain level of nutrient stress and 
coordinately allocate more energy for somatic maintenance instead of offspring production 
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(Lenaerts et al. 2008). In another scenario, signals from reproductive system may regulate longevity 
as well, of particular, the stem cells at distal region of gonad (Antebi 2013). 
 
Figure 5.8 Down-regulation of genes in cell cycle, meiosis and mitosis. 
A and B: down-regulated genes in meiosis. C: down-regulated genes in mitosis. D: Decreased number 
of mature oocytes under ADR, compared to FF worms (representative confocal images). Arrows 
indicate oocytes. 
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Figure 5.9 Down-regulation of genes in DNA replication, repair and histone synthesis. 
A: heatmap of down-regulated genes in DNA replication and repair. B: general down-regulation of 
histone genes under ADR. 
Taken together, the decreased fertility phenotype of ADR worms is strongly reflected in the down-
regulation of genes involved in DNA replication and repair, and cell cycle genes.  
5.3.10 Neuroendocrinal signaling may orchestrate ADR-mediated longevity 
Intriguingly, we detected a group of neuropeptide genes that were consistently up-regulated in ADR 
worms (Table 5.2). The number of predicted neuropeptides in C. elegans is well over one hundred (Li 
et al. 1999; Pierce et al. 2001; Husson et al. 2005; Li & Kim 2008). Most of these neuropeptides fall 
into three families: the insulin-like peptides (INSs) and the FMRFamide (Phe-Met-Arg-Phe-NH2)-
related peptides referred as FLPs and the neuropeptide-like proteins or NLPs (Li et al. 1999; Pierce et 
al. 2001; Husson et al. 2005; Li & Kim 2008). In C. elegans, there are four proprotein convertases, 
kpc-1, egl-3, aex-5 and bli-4 responsible for the maturation of these neuropeptides from proproteins 
(Thacker et al. 2000). The proprotein convertase egl-3 is up-regulated 3.5-fold under ADR, which 
may link to an increased level of proproteins (data not shown). However, the exact function and 
potential redundancy of each of these neuropeptides remains unclear (Li & Kim 2008). 
Among the up-regulated peptide genes, we found INS-7 which has been reported to be important 
regulator for daf-2 mutant longevity (Murphy et al. 2003). As we recently found that the 
transcriptional co-factor CBP-1 functions in specific neurons to mediate ADR-induced longevity, it is 
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tempting to hypothesize that neuroendocrinal signaling via neuropeptides might be essential in this 
pathway. However, a lifespan screen targeting these neuropeptides did not reveal a potential 
neuropeptide candidate to be involved in ADR longevity (data not shown). Thus, we took an 
alternative approach by knocking down each of the four proprotein convertases described above.  
This resulted in a positive hit and is discussed in detail in the next chapter (Chapter 6). 
 
Figure 5.10 Heatmap and lifespan screen of up-regulated neuropeptide genes under ADR. 
A: up-regulation of genes coding for neuropeptides, neuropeptide processing and transport. B: 
survival data of worms after RNAi knockdown of these neuropeptide genes under ADR. 
5.3.11 Differentially expressed transcription factors and cofactors 
Physiological changes in response to a certain diet are unlikely to be met by modulating the 
expression of a single gene; rather enzymes within a metabolic pathway or networks of multiple 
signaling pathways may need to be coordinately regulated. Multiple transcription factors (TF) have 
been reported to govern the response to metabolic and physiological changes such as DAF-16, SKN-1 
and HSF-1 (Murphy et al. 2003; Bishop & Guarente 2007b; Gruning et al. 2010; Watson et al. 2013). 
In wild type animals, both NHR-10 and NHR-23 activate a dietary sensor (Arda & Walhout 2010; 
MacNeil et al. 2013).  
A large number of TFs, some of which are NHRs, showed up-regulation in worms under axenic 
conditions (Table 5.2). The function of the majority of them in ADR-mediated longevity has not been 
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explored, although the several transcription factors in stress regulators appeared dispensable in our 
previous study, such as SKN-1, DAF-16, HSF-1 and HIF-1 (Castelein et al. 2014a). In C. elegans, the 
NHR family consists of about 280 receptors that are presumptively regulated by lipophilic hormones 
to control a variety of processes from development to lifespan (Antebi 2006). Functions of the NHR 
genes showing increased expression in ADR worms have not been characterized. However, a recent 
study of nhr-62, which was detected as a differentially expressed gene in our dataset, has identified 
a key role of this gene in eat-2 mediated longevity - a model for dietary restriction (Heestand et al. 
2013).  
For future investigation, it would be interesting to study how these transcription factors and 
cofactors orchestrate together the physiological changes that occur in ADR worms and search for 
potential TFs required for ADR-induced longevity. 
Table 5.2 Transcription factors and cofactors 
 
Gene name Description Fold change Mean lifespan/ days*  
ceh-89 homobox transcription factor 64.19 46.78 
ceh-26 homobox transcription factor 16.54 na 
atf-2 transcription factor 11.43 46.83 
ces-2 transcription factor 10.33 49.88 
nhr-62 nuclear hormone receptor 9.46 40.65 
nhr-132 nuclear hormone receptor 6.73 34.56 
nhr-131 nuclear hormone receptor 6.59 na 
cebp-1 enhancer-binding protein 6.49 46.00 
ceh-37 homobox transcription factor 5.89 38.08 
nhr-90 nuclear hormone receptor 5.77 43.45 
sta-1 transcription factor 5.24 na 
nhr-6 nuclear hormone receptor 5.10 44.67 
lim-7 transcription factor 4.88 47.29 
vab-3 transcription factor 4.64 na 
nhr-45 nuclear hormone receptor 4.55 43.09 
nhr-120 nuclear hormone receptor 4.52 40.53 
nfki-1 transcription factor binding activity 4.35 na 
nhr-84 nuclear hormone receptor 4.29 41.24 
crtc-1 CREB-related transcription coactivator 3.91 na 
efl-3 transcription factor 3.54 40.67 
mdl-1 helix-loop-helix transcription 
regulator, bind to MXL-1 
3.52 na 
zip-9 transcription factor 3.46 na 
nhr-3 nuclear hormone receptor 3.39 46.73 
zip-2 transcription factor 3.26 47.93 
fos-1 transcription factor 3.15 38.00 
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jun-1 transcription factor 2.97 na 
fkh-7 forkhead transcription factor 2.88 na 
myrf-2 myelin regulatory factor 2.82 na 
hlh-30 helix-loop-helix transcription factor 30 2.74 na 
hlh-11 helix-loop-helix transcription factor 11 2.67 41.67 
dmd-6 transcription factor 2.41 38.38 
xbp-1 ER stress transcription factor 2.40 34.70 
hif-1 hypoxia-induced factor 2.24 na 
nhr-97 nuclear hormone receptor 2.17 40.35 
ZK1128.4 general transcription factor -2.35 na 
nfyc-1 transcription factor -2.84 na 
nhr-12 nuclear hormone receptor -3.00 na 
pal-1 homobox transcription factor -3.12 na 
aptf-3 AP-2-like transcription factor -3.14 na 
fkh-3 forkhead transcription factor -5.04 na 
* lifespan screen was only done for one replicate under ADR after RNAi treatment; Mean lifespan 
for L4440 control under ADR was 40.77 days. 
5.3.12 No clear patterns in expression changes of genes involved in 
translation 
Inhibition of overall protein synthesis rate is now a well-established manner to increase longevity 
from yeast to mice, but it is difficult to reconcile with the turnover paradigm (Hansen et al. 2007; 
Kaeberlein & Kennedy 2007). Moreover, we have also shown that protein synthesis rates are 
strongly decreased in young adults of the IIS receptor mutant daf-2 (Depuydt et al. 2013). In our 
transcriptomic study, we noticed differential expression pattern of a set of translation-related genes, 
like ribosomal genes and translation initiation factor genes (Figure 5.10). However, no clear 
directionality could be found as some were up- and others were down-regulated. In contrast, the 
mitochondrial ribosomal genes seemed to be consistently down-regulated in the ADR worms, which 
may relate to decreased mitochondrial protein synthesis and lead to mito-nuclear protein imbalance. 
This imbalance has been shown to induce the mitochondrial unfolded protein response (UPRmt) 
(Houtkooper et al. 2013), which is linked to longevity in C. elegans (Durieux et al. 2011). Interestingly, 
the UPRmt is induced under ADR conditions but is not responsible for the strong longevity phenotype 
of axenically-treated worms (Chapter 4). 
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Figure 5.11 Heatmap of differentially-expressed genes in the regulation of translation. 
Panel top: mitochondrial ribosomal subunit genes were generally down-regulated, while the other 
detected genes were differentially expressed; middle: genes involved in translation were 
differentially expressed; bottom: genes in ribosomal biogenesis differentially expressed. 
5.4 Concluding remarks 
This study is a starting point for understanding the molecular mechanisms of ADR-induced longevity 
and the general physiological responses to axenic medium. First, the up-regulation of genes involved 
in lysosomal function hints at efficient degradation of nutrients taken up from the axenic medium, 
particularly proteins or peptides. The high nutrient concentration implies that ADR-induced longevity 
may not due to an insufficiency of caloric content. Instead, increased level of amino acid can activate 
mTOR signaling (Johnson et al. 2013). However, whether mTOR is involved in ADR longevity remain 
unknown, but the prolonged lifespan under ADR seems contrary to the TOR inhibition-mediated 
lifespan extension (Vellai et al. 2003). Inaddition, it has been suggested that in axenic culture there is 
a failure of endocytic uptake of nutrients from the intestinal lumen (Vanfleteren 1976), but this 
remains unconfirmed. Consistent with this, metabolically active microbes may be required for 
normal C. elegans nutrition, and their supplementation to ADR could block extended longevity 
(Lenaerts et al. 2008). However, heat-killed E. coli did not have these properties hinting that highly 
labile, high-molecular-weight microbial constituents may be the critical dietary component.  
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Second, based on our transcriptomics data set, proteasomal activity is predicted to be down-
regulated in ADR worms. The ubiquitin-mediated proteasome system is responsible for specific 
degradation of cytosolic unfolded or dysfunctional proteins. Possibly, the proteasomal downturn 
may result from enhanced protein protection and increased stability by the up-regulated chaperones 
(described above).  
Third, in the present study, we provided evidence that indeed genes involved in cell cycles, DNA 
replication and repair are generally down-regulated, corresponding to the declined production of 
oocytes and offspring. However, it is not clear yet how these genes are governed by the 
physiological changes in response to axenic diet. 
Fourth, regarding to the experimental setup, worms under liquid ADR were used for generating 
differentially expressed genes compared with fully-fed cohorts on solid plates. One critical question 
is that there must be some possible genes involved in the transition from solid to liquid, like hif-1, 
instead of being totally responsible for ADR condition. Analysis of worm samples under solid ADR 
would be better to clarify this discrepancy; however, due to technical difficulties in culturing a large 
amount of worms on solid ADR plates, future work is necessary for better understanding of 
physiological adaptations to ADR. 
We are currently comparing our dataset with previous transcriptomic data from other DR-related 
studies, particularly the genes that have been shown to be regulated under other DR regimens 
(Depuydt et al. 2013; Heestand et al. 2013). It would be most interesting to search for differentially 
expressed genes that overlap with transcriptomes from other types of DR treatments. These results 
would shed lights into understand its distinction of ADR related to other DR regimens. 
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Supplemental Information 
Supplemental Table 5.1 Gene ontology information from DAVID bioinformatic resource of 
differentially-expressed genes. Reported P value is the modified Fisher Exact P value or EASE score. 
Representative term (GO, INTERPRO, KEGG PATHWAY…) Enrichment score P value 
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Up-regulated in axenically cultured worms     
IPR006210:EGF-like 7.73 1.56E-09 
GO:0044421~extracellular region part 6.39 2.26E-07 
GO:0031032~actomyosin structure organization 5.87 6.28E-08 
IPR018159:Spectrin/alpha-actinin 5.48 1.14E-06 
IPR013091:EGF calcium-binding 4.94 1.25E-06 
IPR003599:Immunoglobulin subtype 4.59 7.41E-08 
GO:0043292~contractile fiber 4.01 4.92E-05 
IPR001781:Zinc finger, LIM-type 3.03 7.03E-04 
GO:0030182~neuron differentiation 2.91 3.26E-05 
IPR004009:Myosin, N-terminal, SH3-like 2.85 6.43E-04 
laminin egf-like domain 2.84 1.45E-04 
GO:0019098~reproductive behavior 2.80 5.61E-04 
IPR002048:Calcium-binding EF-hand 2.76 3.02E-04 
GO:0031034~myosin filament assembly 2.73 1.86E-03 
GO:0008340~determination of adult lifespan 2.66 2.20E-03 
GO:0006928~cell motion 2.62 1.70E-03 
GO:0018988~molting cycle, protein-based cuticle 2.52 2.94E-03 
GO:0009791~post-embryonic development 2.28 3.97E-03 
IPR001791:Laminin G 2.24 4.18E-03 
IPR015650:Heavy chain of Myosin 2.09 1.16E-03 
IPR019748:FERM central domain 2.04 1.54E-03 
IPR009007:Peptidase aspartic, catalytic 2.04 1.54E-03 
domain:Immunoglobulin  1.98 1.24E-02 
domain:LDL-receptor class A 1 1.95 1.13E-02 
IPR003961:Fibronectin, type III 1.82 6.62E-03 
IPR004827:Basic-leucine zipper (bZIP) transcription factor 1.82 3.27E-03 
GO:0008233~peptidase activity 1.67 1.24E-02 
IPR008160:Collagen triple helix repeat 1.63 9.96E-03 
GO:0009374~biotin binding 1.62 3.75E-02 
IPR017940:ABC transporter integral membrane type 1 1.60 2.12E-03 
GO:0034622~cellular macromolecular complex assembly 1.31 2.01E-02 
IPR011001:Saposin-like 1.31 3.63E-02 
GO:0040008~regulation of growth 1.21 3.48E-02 
IPR001192:Phospholipase C, phosphoinositol-specific, C-
terminal (PLC) 1.18 3.29E-02 
GO:0005874~microtubule 1.17 4.51E-02 
GO:0043492~ATPase activity 1.16 1.33E-02 
domain:EF-hand 1 1.12 3.89E-02 
GO:0004857~enzyme inhibitor activity 1.08 4.53E-02 
binding site:NAD 1.06 4.37E-02 
Down-regulated in axenically cultured worms 
  GO:0005839~proteasome core complex 10.04 2.55E-12 
GO:0000502~proteasome complex 9.32 3.33E-12 
GO:0022402~cell cycle process 8.99 4.54E-10 
GO:0000279~M phase 7.38 4.74E-09 
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GO:0007276~gamete generation 6.49 1.80E-07 
GO:0030163~protein catabolic process 6.47 1.90E-09 
GO:0009791~post-embryonic development 4.16 5.20E-05 
IPR003959:ATPase, AAA-type, core 3.78 4.56E-06 
GO:0040010~positive regulation of growth rate 3.73 1.21E-04 
GO:0040021~hermaphrodite germ-line sex determination 3.71 7.14E-05 
IPR006649:Like-Sm ribonucleoprotein 3.52 2.18E-04 
GO:0007548~sex differentiation 3.27 1.65E-04 
IPR006671:Cyclin, N-terminal 3.22 2.18E-04 
IPR016050:Proteasome, beta-type subunit, conserved site 2.92 3.96E-04 
GO:0006281~DNA repair 2.81 7.57E-04 
IPR016897:E3 ubiquitin ligase, SCF complex 2.65 2.93E-04 
GO:0019787~small conjugating protein ligase activity 2.51 1.92E-03 
IPR001680:WD40 repeat 2.31 9.73E-04 
IPR015880:Zinc finger, C2H2-like 2.17 4.18E-03 
GO:0060429~epithelium development 2.14 6.90E-03 
GO:0000280~nuclear division 2.02 5.41E-03 
IPR012677:Nucleotide-binding, alpha-beta plait 1.82 1.02E-02 
GO:0048581~negative regulation of post-embryonic 
development 1.82 1.00E-02 
GO:0032993~protein-DNA complex 1.81 8.36E-04 
IPR014400:Cyclin, A/B/D/E 1.66 1.32E-03 
GO:0007127~meiosis I 1.40 6.09E-02 
IPR017937:Thioredoxin 1.32 7.55E-03 
GO:0008406~gonad development 1.20 5.56E-02 
GO:0008629~induction of apoptosis by intracellular signals 1.01 3.40E-02 
We have tested the ability of a selection of differentially expressed (DE) genes to rescue the ADR 
longevity phenotype by RNAi. We found that most of these candidate genes are dispensable for 
ADR-induced lifespan extension (Supplemental Table 5.2). 
Supplemental Table 5.2 Shortlists of genes tested in lifespan assays 
Gene 
names 
Gene ontology (GO) Fold 
change 
Mean 
lifespan 
Test 1-large fold change 
F20E11.17   195.33 na 
col-124 structural constituent of cuticle 96.51 na 
col-94 structural constituent of cuticle 38.91 44.68 
tbb-6 GTPase activity; GTP binding; microtubule; microtubule-
based process; protein polymerization; structural constituent 
of cytoskeleton 
19.77 42.76 
B0507.10  16.51 na 
thn-2 thaumatin family; involved in defense response to gram-
negative bacterium. 
16.26 41.22 
Y68A4A.13  15.70 na 
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dpy-14 collagen trimer; structural constituent of cuticle 14.54 na 
T11B7.2  14.12 45.59 
F15D4.5 nucleic acid binding; zinc ion binding 12.88 34.3 
parg-2 carbohydrate metabolic process; poly(ADP-ribose) 
glycohydrolase activity 
12.37 na 
Test 2-lysosomal genes 
cpr-1 cathepsin B-like cysteine protease family 13.28 50 
cpr-5 cathepsin B-like cysteine protease family 24.37 na 
cpr-2 cathepsin B-like cysteine protease family 134.91 na 
tag-196 cysteine-type peptidase 3.24 43.9 
hch-1 metalloendopeptidase activity 27.66 49.7 
try-9 serine-type endopeptidase activity 14.70 na 
asp-3 aspartic peptidase 2.57 44.33 
asp-5 aspartic peptidase 4.57 39.75 
asp-8 aspartic peptidase 6.56 37.42 
asp-10 aspartic peptidase 26.13 na 
asp-6 aspartic peptidase 2.66 43.14 
asp-17 aspartic peptidase 5.68 na 
lipl-1 lipase 13.26 45.84 
lipl-7 lipase 2.23 38.59 
asah-1 acylsphingosine amidohydrolase 9.22 42.52 
asm-2 acid sphingomyelinase 10.49 na 
asm-3 acid sphingomyelinase 7.06 42.75 
pho-8 phosphatase 19.18 50.96 
Test 3-amino acid metabolism 
asns-2 asparagine synthase (glutamine-hydrolyzing) activity 10.70 45.49 
daao-1 D-amino acid oxidase,  7.70 na 
odc-1 ornithine decarboxylase 7.21 na 
got-1.2 an ortholog of human glutamic-oxaloacetic transaminase 1 3.97 47.45 
gln-1 an ortholog of human glutamate-ammonia ligase 3.02 44.45 
F46H5.3 arginine kinase activity; ATP binding 2.99 42.92 
smd-1 an S-adenosylmethionine decarboxylase 2.82 46 
gln-3 an ortholog of human glutamate-ammonia ligase 2.79 na 
T01B11.2 Alanine--glyoxylate aminotransferase 2-like (EC 2.6.1.-) 2.77 42.52 
haly-1 a histidine ammonia lyase 2.61 na 
adss-1 adenylosuccinate synthase activity and GTP binding activity 2.35 43.73 
W07E11.1 glutamate synthase (NADH) activity 2.28 42.56 
* Mean lifespan under ADR was calculated based on only one replicate of RNAi experiment using 
rrf-3 strain. na: data not available 
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Abstract 
Longevity is regulated via sensory perception in worms and flies. The proper internal physiological 
adaptations in response to external nutrient availability ensure organisms for optimal survival and 
fitness under stress conditions. In C. elegans, both food type and availability (dietary restriction) can 
influence lifespan via different types of sensory cues. Among different regimens of dietary restriction 
(DR), axenic dietary restriction (ADR) most strongly extends worm lifespan. However, the underlying 
molecular mechanisms still remain enigmatic. Our recent results showed that neuronal CBP-1 is 
required for ADR-induced longevity and many neuropeptide genes are strongly up-regulated under 
ADR. Thus, we reasoned that a neuroendocrine signaling may coordinate the physiological changes 
in response to axenical culture that cause lifespan extension. To test this, we performed a pilot 
genetic screen of genes involved in neuroendocrine signaling pathways (e.g. neuropeptides and 
neurotransmitters). We found that BLI-4, one of the proprotein convertases involved in 
neuropeptide processing, is required for ADR-induced longevity. Our next step will be to reveal the 
neuroendocrine signal that is produced by this convertase and how this signal leads to lifespan 
extension in axenically cultured worms. 
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6.1 Introduction 
Dietary restriction (DR) has been shown to extend lifespan in a wide range of species, from yeast to 
mammals (Fontana et al., 2010). How DR increases lifespan and decreases the onset of age-related 
diseases are questions of major interest in biomedical research. Research in C. elegans has provided 
seminal information on the molecular mechanisms of dietary restriction (Braeckman et al. 2006; 
Greer & Brunet 2009; Kenyon 2010). Distinct from bacteria-based methods, dietary restriction can 
also be obtained by culturing worms in sterile, chemically defined (Szewczyk et al. 2006) or 
undefined liquid media (Vanfleteren 1976; Vanfleteren & Braeckman 1999; Houthoofd et al. 2002; 
Castelein et al. 2014a), which significantly extend the lifespan. Probably, ADR-induced longevity is 
distinct from other forms of DR, as its effect is dramatic and independent of most key factors known 
to be involved in DR-mediated longevity, such as DAF-16, PHA-4 and SKN-1 (Castelein et al. 2014a) 
(Chapter 2). Our recent results reveal that RNAi inhibition of cbp-1 specifically in neurons completely 
blocks ADR-induced lifespan extension and alters food sensing (Chapter 3). Together with the 
observation that the expression of neuropeptide genes is largely up-regulated (Chapter 5), we 
hypothesize that neuroendocrine signaling through neuropeptides may be involved in ADR-induced 
longevity. 
The regulation of whole-body energy homeostasis relies on a tight balance between food intake and 
energy expenditure. To adapt quickly to variations in environmental conditions and maintain global 
body energy homeostasis, organisms have developed a neuroendocrine signaling network that 
integrates external signals into an autonomic response via the nervous system. Recent genetic 
studies have established a prominent role of sensory neuroendocrine processes in controling 
healthspan and lifespan through neuronal circuits originating from sensory tissues (Linford et al. 
2011; Allen et al. 2015; Riera & Dillin 2016). In C. elegans, the sensory system has been shown to 
impact multiple physiological traits that range from behavior and developmental plasticity to 
longevity (Bargmann & Horvitz 1991; Apfeld & Kenyon 1999; Alcedo & Kenyon 2004). The longevity-
influencing neurons comprises gustatory (taste), olfactory (smell), thermosensory (heat) and 
mechanosensory (pain) inputs (Apfeld & Kenyon 1999; Alcedo & Kenyon 2004; Lee & Kenyon 2009; 
Xiao et al. 2013; Riera & Dillin 2016). 
Nutrient information is assessed and integrated in neuron circuits to modulate physiological 
responses via largely unknown mechanisms, probably through neuroendocrine signaling (Leinwand 
& Chalasani 2013; Neal et al. 2015). Accumulating evidence has revealed essential roles of both 
neuropeptides and neurotransmitters in remodeling sensory perception and food response in 
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certain neural circuits (Park et al. 2010; Linford et al. 2011; Leinwand & Chalasani 2013; Leinwand & 
Chalasani 2014; Allen et al. 2015; Riera & Dillin 2016). In C. elegans, there are seven types of 
neurotransmitters (GABA, acetylcholine, dopamine, octopamine, serotonin, glutamate and tyramine) 
which are involved in many physiological processes such as egg-laying and feeding (Alkema et al. 
2005; Hobert 2005; Chase & Koelle 2007; Dalliere et al. 2016). The other large group of neuroactive 
substances are neuropeptides, which are short sequences of amino acids that function either 
directly or indirectly to modulate synaptic activity in worms, including the FMRFamide (Phe-Met-Arg-
Phe-NH2)-related peptides (FLPs), neuropeptide-like proteins (NLPs) and the insulin-like peptides 
(ILPs) (Li et al. 1999; Pierce et al. 2001; Li 2005; Li & Kim 2008). Despite of complexity and large 
number of neuropeptides, only four major proprotein convertases are present in C. elegans, kpc-1, 
egl-3/kpc-2, aex-5/kpc-3, and bli-4/kpc-4, responsible for the post-translational processing and 
maturation of neuropeptides (Thacker et al. 1995; Thacker et al. 2000; Husson et al. 2005), whose 
release could be regulated by sensory cues in certain neurons to modulate dauer formation and 
longevity (Murphy et al. 2003; Li & Kim 2008; Park et al. 2010; Cornils et al. 2011; Kulalert & Kim 
2013; Ritter et al. 2013; Fernandes de Abreu et al. 2014; Hung et al. 2014; Neal et al. 2015). In all, 
the activities of these small molecules and peptides could coordinate different physiological 
responses to maintain general homeostasis within the animal. 
To test this hypothesis, we initiated a pilot genetic screen of candidate genes involved in 
neurotransmitter and neuropeptide signaling pathways for their involvement in ADR longevity. 
Surprisingly, we did not find any obvious effects on ADR-induced longevity upon knockdown of most 
of the genes, except for bli-4. Both RNAi inhibition and mutation of bli-4 almost completely abolishes 
ADR-induced lifespan extension, suggesting that peptide hormones processed by BLI-4 are required 
for extended lifespan by ADR. Therefore, next steps to identify the neuropeptide signals and dissect 
the neural circuits involved in neuroendocrinal signaling, and to investigate how they integrate the 
nutrient availability and physiological responses to ADR will be important. These finding will provide 
new insights into further understanding of molecular basis of ADR-induced longevity. 
6.2 Materials and Methods 
C. elegans culture and strains 
The wild-type (WT) C. elegans used was Bristol N2 male stock. The neuron-specific RNAi strain used 
for RNAi experiment is TU3401 (Calixto et al. 2010). Other strains used were listed in Table S6.1. All 
strains were obtained from the Caenorhabditis Genetics Center (CGC), Minneapolis, MN. RNAi 
clones targeting candidate genes were obtained from the Ahringer RNAi library. The bacterial strain 
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containing the empty vector L4440 was used as a control. The mutants used in this study are listed in 
Supplementary Table 6.1. 
General C. elegans techniques as well as lifespan experiments were performed as previously 
described (Castelein et al. 2014a). Briefly, for standard fully-fed cultures, eggs prepared by 
hypochlorite treatment of gravid adults were allowed to hatch overnight in S basal and the resulting 
first stage larvae (L1s) were inoculated onto plates seeded with Escherichia coli bacteria. For axenic 
dietary restriction, the basal medium consisted of 3% soy peptone (Sigma-Aldrich, St. Louis, MO) and 
3% yeast extract (Becton-Dickinson, Franklin Lake, NJ), final concentrations (f.c.), supplemented with 
0.05% haemoglobin f.c. (bovine; Serve, Heidelberg, Germany) diluted from a 100x stock in 0.1M KOH 
(autoclaved for 10 minutes). N2 and mutant strains were cultured in liquid axenic medium from egg 
until adulthood. 20% f.c. skimmed milk was supplemented to this medium to allow faster and more 
synchronous development (Houthoofd et al. 2002). The day of L4-to-adult transition was determined 
as day 0 of adulthood (D0). 
Axenic medium is very rich in nutrients and easily gets contaminated. Hence, all equipment and 
preparations should be handled in a laminar flow cabinet to ensure sterility.   
Survival assays 
Worms were grown synchronously to young adult stage (D0) on nutrient agar (NA) plates seeded 
with the Escherichia coli K12 bacteria. Subsequently, RNAi treatment was carried out following 
standard bacterial feeding protocols for five days during adulthood (Zhang et al. 2009). Lifespan 
assays were performed as described previously (Houthoofd et al. 2002; Castelein et al. 2014a). 
Axenic dietary restriction (ADR) was performed in liquid while fully-fed (FF) assays were carried out 
on standard solid NGM plates. 
Unless otherwise noted, lifespan experiments were performed after the 5-day RNAi treatment. 
Worms were washed and transferred to the experimental conditions (FF and ADR). Progeny 
production was avoided by the addition of FUdR at 100 µM and 50 µM f.c. for FF and ADR, 
respectively. For each strain, approximately hundred worms were placed on small NGM plates (10 to 
12 per plate) seeded with E. coli OP50 as fully fed (FF) control. For ADR, about hundred worms were 
transferred to small screw-cap tubes (3 to 5 worms per tube) containing 0.3 mL of liquid axenic 
medium (ADR).  Worms were transferred to fresh NGM plates every week and survival was scored at 
regular time intervals.  In solid conditions, worms were considered dead if they did not respond to 
gentle prodding with a platinum wire.  In liquid conditions, worms were scored dead if no movement 
could be detected, even after gently tapping the tubes. Worms that died of protruding vulva or 
crawling off the plates were censored. All lifespan assays were conducted at 20°C and were repeated 
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at least twice independently (pooled data is shown). 
Data was analyzed using the online application for survival analysis (OASIS) (Yang et al. 2011). In all 
cases, lifespan data is indicated as mean ± s.e.m. and P-values were calculated using the log-rank 
(Mantel–Cox) method. To evaluate the impact of genes or treatments on lifespan extension, the 
relative lifespan extension by axenic dietary restriction (ADR) was calculated and a one-sample 
paired t-test was used to perform statistical analysis. Lifespan data and statistics for all experiments 
are provided in Table 6.1 and Supplementary Table 6.2. 
6.3 Results 
6.3.1 RNAi inhibition of bli-4 abrogates ADR-induced longevity 
Neuropeptides are cleaved by specific proprotein convertase enzymes to form mature 
neuropeptides (Thacker & Rose 2000; Thacker et al. 2000). In order to test the hypothesis whether 
possible neuropeptides are required for ADR-induced longevity, we knocked down the major 
proprotein convertase genes, aex-5, bli-4, and egl-3 during adulthood with RNAi, instead of targeting 
each neuropeptide gene separately. As the kpc-1 clone was not available in the Ahringer library, we 
used a mutant in the second section of the screen. We found that inhibition of bli-4 largely abolishes 
ADR-induced lifespan extension compared to empty vector L4440 (+16.48% (bli-4) vs. +83.08% 
(L4440), P< 0.01; Figure 6.1A and B), while knockdown of egl-3 had no significant effect on the ADR-
induced longevity (P= 0.97; Figure 6.1D). There was a slight but variable reduction of lifespan 
extension on knockdown of aex-5 (Figure 6.1C), but it was not significant (62.58% (aex-5) vs. 83.08% 
(L4440), P= 0.57). 
Next, we asked whether ADR-induced longevity also depends on synaptic signal transmission via 
classical neurotransmitters. In addition to neuropeptides, small neurotransmitters also play essential 
roles in neuronal signaling and may result in specific physiological responses (Alkema et al. 2005; 
Hobert 2005; Chase & Koelle 2007; Dalliere et al. 2016). The genes encoding the enzymes 
responsible for synthesis of these neurotransmitters and the gene cat-1 encoding the transporter 
that loads these neurotransmitters into vesicles have been identified and mutants are available 
(Figure 1.2; Table S6.1) (Hobert 2005). To test the involvement of each neurotransmitter, we 
performed RNAi targeting the candidate genes involved in synthesis or release (cat-1, tdc-1, tph-1 
and unc-13) and scored for survival. TDC-1 is tyrosine decarboxylase and required for the synthesis 
of tyramine and octopamine (Alkema et al. 2005). tph-1 encodes tryptophan hydroxylase that 
catalyzes the rate-limiting first step in serotonin biosynthesis (Sze et al. 2000). UNC-13 is involved in 
the vesicle release of neurotransmitters, allowing us to target all seven types of neurotransmitters 
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simultaneously, while CAT-1 is important for transporting all biogenic amine neurotransmitters 
(serotonin, tyramine, octopamine and dopamine). We did not observe any obvious effects on ADR-
induced lifespan extension upon knockdown of each of these genes by RNAi (Figure 6.1E-H). 
 
Figure 6.1 Survival of RNAi knockdown of candidate genes in neuroendocrinal signaling. 
(A) cbp-1 RNAi as a positive control. Lifespan curve confirmed cbp-1 is required for ADR longevity. B: 
bli-4 RNAi abolished lifespan extension by ADR. (C-H) Effect of aex-5 (C), egl-3 (D), cat-1 (E), tdc-1 (F), 
tph-1 (G) and unc-13 (H) knockdown during the first five days of adulthood on worm longevity under 
FF and ADR conditions. Neuron-specific RNAi strain TU3401 was used for survival assay. All data is 
summarized in Table S6.2. 
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Figure 6.2 cbp-1 and bli-4 are required for ADR-mediated lifespan extension.  
Lifespan extension by ADR, compared to the FF condition, for RNAi treatment of genes involved in 
neuronal activity. * P<0.05; ** P<0.01. 
6.3.2 Mutation of bli-4 also diminishes ADR-induced lifespan extension 
To further confirm the RNAi results, we also performed survival assays using viable mutants. Except 
for unc-25(e156) (see discussion), all other strains could be successfully cultured in axenic medium 
and survival assays were completed. Due to the severe Unc phenotype observed in axenically 
cultured unc-13 and unc-31 mutants, these experiments were halted. Involvement of these genes 
will need to be confirmed in future experiments. 
Surprisingly, we found that only mutation in bli-4 cause a significant reduction of ADR-induced 
longevity (Figure 6.3A). aex-5 and kpc-1 mutant showed similar lifespan extension effect under ADR 
compared to control (Figure 6.3B and C). For egl-3, it has been shown mutation of this gene causes 
extended longevity (Hamilton et al. 2005). In line with this, we also noticed longer lifespan under FF 
condition, but the lifespan extension rate induced by ADR was similar to WT (Figure 6.3D). Survival 
data is summarized in Supplementary Table S6.2. 
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Figure 6.3 Mutation of bli-4 completely inhibits ADR-induced longevity. 
(A-D) Effect of bli-4 (A), aex-5 (B), kpc-1 (C), and egl-3 (D) mutation on worm longevity under FF and 
ADR conditions. All data is summarized in Table S6.3. 
Also mutants in neurotransmitter synthesis or release showed no alteration of lifespan under ADR 
conditions (Figure 6.4). One exception is tbh-1, involved in octopamine synthesis, in which the 
mutant showed an unexpected synergistic lifespan extension under ADR (Figure 6.4D). However, the 
results were based on one replicate and further work will be necessary. 
BLI-4 is essential for ADR-induced longevity 
166 
 
 
Figure 6.4 Survival of mutation of candidate genes in neurotransmitters synthesis. 
(A-F) Effect of cha-1 (A), eat-4 (B), tdc-1 (C), tbh-1 (D), cat-2 (E) and tph-1 (F) mutation on worm 
longevity under FF and ADR conditions. cha-1: acetylcholine synthesis; eat-4: glutamate synthesis; 
tdc-1: tyramine synthesis; tbh-1 octopamine synthesis; cat-2: dopamine synthesis; tph-1: serotonin 
synthesis. All data is summarized in Table S6.3. 
6.4 Discussion 
We identified the gene bli-4 as crucial player in ADR-induced longevity. A major function of BLI-4 is 
to cleave procollagen into collagen and it is important for structural integrity of the worm cuticle. 
Hence, null alleles of bli-4 cause lethality (Thacker et al. 1995). However, transcripts of bli-4 are also 
expressed in the nervous system (Thacker et al. 1995; Thacker et al. 2000). Interestingly, increasing 
evidence revealed a critical role for BLI-4 in sensory perception, dauer formation and food response 
in certain neural circuits (Leinwand & Chalasani 2013; Hung et al. 2014; Neal et al. 2015). These 
reports suggest that a small neuronal network processes sensory cues and translates this to signals 
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that elicit downstream physiological changes. As our RNAseq data (Chapter 5) showed strong up-
regulation of several neuropeptide genes and the activity of the proprotein convertase bli-4 is 
essential to support ADR longevity, we predict that neuroendocrine signaling is key to the latter 
phenotype. 
Four proprotein convertases, KPC-1, AEX-5, BLI-4 and EGL-3 are present in C. elegans (Thacker et al. 
2000) each processing specific but overlapping sets of neuropeptides (Husson et al. 2006). BLI-4 in 
neurons is mainly involved in processing of insulin-like peptides (ILPs), while the others, especially 
EGL-3, cleave precursors of most of FLPs and NLPs (Kass et al. 2001; Husson et al. 2006; Leinwand & 
Chalasani 2013). Neuropeptides, such as the ILPs, exhibit diverse and redundant functions, making it 
difficult to study individual neuropeptides (Cornils et al. 2011; Fernandes de Abreu et al. 2014). 
Moreover, mutation in one proprotein convertase can, result in broad or complex physiological 
changes due to the wide substrate specificity. For example, a kpc-1 deletion mutant shows mild 
locomotory defects and slow growth, suggesting that KPC-1 cleaves precursors of peptides involved 
in movement and growth (Thacker & Rose 2000). Mutations in aex-5 cause defecation defects 
(Thomas 1990). Lastly, the tissues where each proprotein convertase functions also vary. aex-5 is 
expressed in the muscle (Thacker et al. 2000), and has been proposed to cleave a precursor 
molecule in muscle to produce a peptide that serves as a retrograde signal to regulate exocytosis 
(Doi & Iwasaki 2002). bli-4 has been observed in various tissues, including hypodermis and neurons. 
Hence, different proprotein convertases are expressed and active in multiple tissues, other than 
neurons, to exert different functions (Thacker et al. 2000). 
The mutant screening confirmed the lifespan analysis of worms treated with RNAi. However, we did 
observe a difference in developmental time of these mutants in axenic medium. For example, unc-
25(e156), involved in GABA synthesis, poorly grew or even arrested at larval stages in ADR conditions 
(data not shown), while eat-4 mutants with defects in glutamate synthesis grew well with even a 
slightly faster development compared to wild-type. Glutamate inhibits pumping rate, while GABA 
promotes pumping during starvation (Dalliere et al. 2016). Thus, mutation of eat-4 may promote 
pumping while mutation of unc-25 may inhibit pumping, which explain the differences in nutrient 
uptake and developmental rate. 
The next intriguing question is to search and identify neuropeptides involved in modulation of 
sensory integration and longevity. BLI-4 processes different subsets of ILP precursors (Leinwand & 
Chalasani 2013; Hung et al. 2014; Neal et al. 2015). A link between nutrient availability and insulin 
signaling is well established in C. elegans (Kenyon 2010; Riera & Dillin 2016) and the expression of 
several ILP genes has been shown to be regulated by food availability (Li & Kim 2008; Cornils et al. 
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2011; Ritter et al. 2013; Chen & Baugh 2014). The genome of C. elegans contains 40 ILP genes 
(Pierce et al. 2001; Husson et al. 2006; Li & Kim 2008), many of which are expressed in sensory 
neurons. Several of these genes have been implicated in the regulation of longevity (Kawano et al. 
2000; Pierce et al. 2001; Murphy et al. 2003; Artan et al. 2016).  
Despite the presence of many ILPs, the C. elegans genome encodes only one single insulin-like 
receptor encoded by the daf-2 gene. However, DAF-2 is not required for ADR-induced longevity, as 
daf-2 mutants show additive lifespan extension under ADR (Houthoofd et al. 2002). Also the main 
downstream lifespan regulator of DAF-2 signaling, the transcription factor DAF-16, is not involved in 
ADR longevity (Castelein et al. 2014a). One scenario that may explain this discrepancy is that ILPs 
might bind to other receptors than DAF-2, such as G-protein coupled receptors, to activate specific 
downstream signaling cascades. Additionally, BLI-4 may also be involved in the processing of some 
NLP- and FLP-type neuropeptides (Husson et al. 2006) and these may be crucial to support the ADR 
longevity phenotype. 
Only a limited number of sensory neurons can influence lifespan under a certain condition (Alcedo & 
Kenyon 2004). Accordingly, some sensory neurons shorten, whereas others lengthen lifespan in a 
context-dependent manner (Alcedo & Kenyon 2004). The context-dependence of the sensory 
influence on lifespan is further highlighted by the molecular mechanisms that underlie this 
phenomenon. For instance, signaling activities of specific neuropeptides are associated with both 
food-restricted and food type-dependent influence on lifespan (Maier et al. 2010; Park et al. 2010). 
Under restricted conditions, the gustatory ASI neurons promote longevity (Bishop & Guarente 
2007b), but under well-fed conditions, the same ASI neurons inhibit longevity (Alcedo & Kenyon 
2004). Recently is was discovered that a small molecule that blocks the detection of food in the 
worm’s mouth can extend the lifespan of worms by 50 percent (Lucanic et al. 2016). The chemical 
activates a neurotransmitter (glutamate) -controlled food deprivation signal which shifts the worm’s 
physiology into a caloric restricted-state even when it feeds normally. It mimics the positive effects 
of a dietary restriction and tricks the animal into this state, suggesting that primary sensory 
pathways represent new targets to prolong healthspan.  
It is important to note that the sensory influence on lifespan has also been found in at least one 
other animal. In flies, sensory neurons, as well as food odors, taste and sex pheromones, have been 
shown to shorten the lifespan, while other taste-sensing neurons have been found to extend it 
(Libert et al. 2007; Poon et al. 2010; Ostojic et al. 2015; Waterson et al. 2015). Accordingly, similar to 
C. elegans, the sensory effects on Drosophila lifespan mount more than one mechanism: e.g., the 
chemosensory effects on lifespan can also be dependent (Libert et al. 2007) or independent of food 
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intake levels (Poon et al. 2010; Ostojic et al. 2015; Waterson et al. 2015). In mammals, hormones 
can also be induced by odor and taste. Furin, the human homologue of BLI-4, has been shown to 
regulate the level of VEGF hormone (Thomas 2002) and it has broad and important roles in 
embryogenesis, homeostasis and disease. A second furin substrate, insulin-like growth factor-1 
(IGF1), is up-regulated in colon, breast, prostate and lung cancers. The proteolytic reaction catalysed 
by furin, which once seemed so ordinary, now clearly has enormous ramifications in biological 
research (Thomas 2002). 
6.5 Conclusion 
RNAi inhibition and mutation of the proprotein convertase bli-4 can almost abolish ADR-induced 
lifespan extension, suggesting that peptide hormones are required in this strong longevity 
phenotype. Future studies on the identification and characterisation of the neuropeptide signals and 
dissection of the neural circuits for neuroendocrine signaling will shed more light on the molecular 
basis of ADR-induced longevity. 
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Table S6.1 Mutant strains used in this study 
Name Genotype Description 
CB1091 unc-13 (e1091)I 
for the release of 
small and clear 
synaptic vesicles 
DA509 unc-31 (e928)IV 
for the release of 
dense-core vesicles 
VC671 egl-3 (ok979)V Major processor for 
neuronal FLPs and 
NLPs KP2018 egl-21 (n476)IV 
VC48 kpc-1 (gk8)I 
Proprotein 
convertases 
JT23 aex-5 (sa23)I 
CB937 bli-4 (e937)I 
MT10661 tdc-1 (n3420)II Tyramine synthesis 
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Figure S6.2 Model of BLI-4-mediated neuroendocrinal signaling (Leinwand and Chalasani, 2013) 
Table S6.2 Summary and statistical analysis of survival assays in the study (RNAi) 
Treatment Experiment 
Mean Lifespan 
(±SE days) 
Sample 
size/trials P-value(a) P-value(b) 
L4440 RNAi 
FF 20.36±0.29 329/5     
ADR 35.91±1.04 197/4 P<0.0001 
 
cbp-1 RNAi 
FF 13.87±0.14 415/5 
 
P<0.0001 
ADR 13.80±0.09 477/5 P=0.1479 P<0.0001 
axe-5 RNAi 
FF 20.47±0.40 182/3 
 
P=1.0000 
ADR 30.71±1.15 113/2 P<0.0001 P=0.0465 
bli-4 RNAi 
FF 18.23±0.36 287/5 
 
P=0.0281 
ADR 21.94±0.47 407/5 P<0.0001 P<0.0001 
cat-1 RNAi 
FF 18.43±0.40 226/4 
 
P=0.0320 
ADR 34.20±1.31 116/3 P<0.0001 P=1.0000 
egl-3 RNAi 
FF 24.01±0.34 247/3 
 
P<0.0001 
ADR 34.73±0.54 200/3 P<0.0001 P=0.0084 
tdc-1 RNAi 
FF 21.88±0.34 210/3 
 
P=0.0083 
ADR 36.80±0.68 138/3 P<0.0001 P=1.0000 
tph-1 RNAi 
FF 21.11±0.34 252/3 
 
P=0.0611 
ADR 35.93±0.85 160/3 P<0.0001 P=1.0000 
MT9455 tbh-1 (n3247)X 
Octopamine 
synthesis 
MT15434 tph-1 (mg280)II Serotonin synthesis 
MT15620 cat-2 (n4547)II 
Dopamine 
synthesis 
MT6308 eat-4 (ky5)III 
Glutamate 
synthesis 
CB156 unc-25 (e156)III GABA synthesis 
PR1152 cha-1 (p1152)IV 
Acetylcholine 
synthesis 
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unc-13 RNAi 
FF 22.90±0.42 236/3 
 
P<0.0001 
ADR 36.37±0.84 135/3 P<0.0001 P=1.0000 
Mean lifespan is represented as pooled data of independent replicates. Data for each independent 
replicate is shown in Addendum. Notes: P-value compared to matching FF conditions (a) or the 
matching control strain (b). 
 
Table S6.3 Summary and statistical analysis of survival assays in the study (mutants) 
Strain 
Experiment 
Mean 
Lifespan (±SE 
days) 
Sample 
size/trials P-value(a) P-value(b) 
WT 
FF 20.02±0.67 77/2     
ADR 36.81±1.16 143/2 P<0.0001   
bli-4(e937) 
FF 14.96±0.59 68/1   P<0.0001 
ADR 19.92±0.81 109/1 P<0.0001 P<0.0001 
aex-5(sa23) 
FF 17.47±0.51 70/1   P=0.0161 
ADR 41.37±1.54 132/1 P<0.0001 P=0.0064 
kpc-1(gk8) 
FF 23.42±0.74 49/1   P=0.1186 
ADR 43.94±2.16 53/1 P<0.0001 P=0.0084 
egl-3(ok979) 
FF 27.09±1.52 46/1   P<0.0001 
ADR 51.64±2.43 97/1 P<0.0001 P<0.0001 
cat-2(n4547) 
FF 19.32±0.56 90/1   P=0.5606 
ADR 49.11±1.52 85/1 P<0.0001 P<0.0001 
tdc-1(n3420) 
FF 19.22±0.65 62/1   P=0.873 
ADR 39.42±1.67 90/1 P<0.0001 P=0.7112 
tbh-1(n3247) 
FF 19.53±0.64 55/1   P=1 
ADR 59.52±2.00 85/1 P<0.0001 P<0.0001 
tph-1(mg280) 
FF 23.34±0.66 53/1   P=0.0536 
ADR 46.73±1.95 76/1 P<0.0001 P<0.0001 
eat-4(ky5) 
FF 19.50±0.33 70/1   P=1 
ADR 40.15±1.09 93/1 P<0.0001 P=0.286 
cha-1(p1152) 
FF 18.45±0.90 38/1 
 
P=0.3576 
ADR 36.51±1.52 64/1 P<0.0001 P=1 
Mean lifespan is represented as pooled data of independent replicates. Each independent 
replicate data is presented in Addendum. 
Notes: P-value compared to matching FF conditions (a) or matching control strain (b). 
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7.1 Molecular genetics of ADR-induced longevity 
Although much effort has been put into figuring out the molecular mechanisms underlying DR-
mediated longevity in the past decades, the precise mechanisms are not yet fully understood 
(Fontana et al. 2010; Fontana & Partridge 2015). To make it more complicated, studies in model 
organisms from yeast to mice have provided evidence that different DR regimens extend lifespan 
not via universal, but via distinct and overlapping pathways and thus DR-induced longevity is likely to 
be mediated by a network of genes rather than by linear pathways (Braeckman et al. 2006; Mair & 
Dillin 2008; Greer & Brunet 2009; Kenyon 2010). For instance, it is clear that one particular factor is 
responsible for one specific type of DR regimen in C. elegans, like PHA-4 for bDR (Panowski et al. 
2007) and SKN-1 for lDR (Bishop & Guarente 2007a). But it is also possible that one master regulator 
is essential for multiple types of DR-induced longevity, such as CBP-1 (Zhang et al. 2009).  
Specifically, in this study we focused on the molecular basis of ADR-induced longevity, of which the 
lifespan is dramatically extended (Houthoofd et al. 2002; Szewczyk et al. 2006; Castelein et al. 
2014a). Our results help in understanding the molecular mechanisms of ADR-mediated longevity, 
and suggest that lifespan extension by ADR is quite distinct, since most of key genes involved in 
other DR regimens seem not important for ADR, such as daf-16, pha-4, skn-1, hif-1, hsf-1, though a 
few genes in nutrient sensing like aak-2, sir-2.1 are partially important. Apart from cbp-1, we found 
the gene cup-4 is absolutely required for ADR-induced longevity (see Chapter 2). CUP-4 is a ligand-
gated ion-channel involved in endocytosis of fluids by coelomocytes and functions exclusively in 
coelomocytes (Patton et al. 2005). It acts as downstream event of SKN-1-dependent DR longevity 
(Park et al. 2010). However, what the exact role of CUP-4 is in ADR-longevity remains unknown. 
7.1.1 Possible candidate genes to be tested 
7.1.1.1 Genes in TOR signaling 
Key factors required for multiple kinds of DR-mediated longevity likely originate from different 
molecular protein families but act in similar physiological functions, like endocrine signaling, nutrient 
sensing and stress response pathways. For such reasons, we propose to continue genetic screen of 
candidate genes involved in these particular pathways. Since axenic medium is rich in protein, but 
lacks lipid (Lenaerts et al. 2008), the main components of amino acid sensing pathway, the mTOR, 
such as LET-363, RSKS-1 and DAF-15 would be interesting targets (Vellai et al. 2003; Jia et al. 2004). 
mTOR specifically senses the level of amino acids and the amino acid concentration in axenic 
medium may activate the TOR pathway, which is contrary to the fact that inhibition of mTOR is 
known to prolong lifespan (Vellai et al. 2003). 
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7.1.1.2 Genes in metabolic pathways 
Axenically cultured worms have a shifted metabolism and enhanced mitochondrial function. Thus 
potential genes involved in energy metabolism or anaplerotic pathways, like glyoxylate, might be 
required for ADR-induced longevity. The gene icl-1, encoding isocitrate lyase/malate synthase, an 
enzyme in the glyoxylate pathway, was previously shown to be important for the longevity 
phenotypes of Mit and daf-2 mutants (Murphy et al. 2003; Cristina et al. 2009; Gallo et al. 2011). The 
up-regulated expression of icl-1 in axenically cultured worms hints at its role in ADR longevity 
(Castelein et al. 2008). However, the requirement of ICL-1 could not be confirmed based on our 
lifespan screen (see Addendum). Nuclear hormone receptors (NHRs) are critical regulators of animal 
metabolism and are well suited to link nutrient availability to a transcriptional cascade via endocrine 
signaling (Maglich et al. 2001; Zuryn et al. 2010; Heestand et al. 2013). Among them, NHR-49 and 
NHR-62 would be promising to study in ADR, since it has been reported that NHR-49 functions like 
mammalian peroxisome proliferator-activated receptors (PPARs) (Van Gilst et al. 2005a; Van Gilst et 
al. 2005b) and are involved in fasting and the DR response (Corton & Brown-Borg 2005). It is 
required for the induction of specific metabolic pathways (e.g. glyoxylate cycle) associated with the 
reduction of ETC subunit expression (Zuryn et al. 2010). For NHR-62, it was identified as a key factor 
for eat-2 and BDR-induced longevity and transcriptional changes by eat-2 mutation were found to be 
regulated under NHR-62 (Heestand et al. 2013). Together with the fact that some NHRs genes were 
up-regulated in ADR worms (see Chapter 5), further investigation on their roles in ADR-induced 
longevity will be necessary and important. 
Axenic medium is low in lipid content, but high in protein and peptide level. It is still unclear whether 
genes involved in protein and lipid metabolism are important for ADR longevity. We have detected 
some differentially expressed genes in both protein (e.g. daao-1 (Chapter 5)) and lipid metabolism, 
like fat-7, encoding a delta-9 fatty acid desaturase that is required for the synthesis of 
monounsaturated fatty acids (FA). But from our primary screen of genes in amino acid metabolism, 
the results were not convincing due to either limited number of genes tested or the functional 
redundancy of these genes. More work is needed to study both processes in detail. 
7.1.1.3 Genes in autophagy and intrinsic apoptotic response 
Autophagy has been described to be a prerequisite for the longevity of multiple DR regimens and 
daf-2 mutants (Hansen et al. 2008). The master factor HLH-30 has been recently reported to 
important for autophagy and involved in different DR regimens (Lapierre et al. 2013a). Currently, we 
are testing the requirement of HLH-30 for ADR-induced longevity. In addition, a new finding points 
out that the intrinsic apoptotic pathways mediate the pro-longevity response to mitochondrial ROS 
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in C. elegans, of which the key factors include CED-4, CED-3 and CED-13 (Yee et al. 2014). Since our 
results clearly indicate that neither UPRmt nor mitohormesis is involved in ADR-induced longevity, we 
would like to study such mtROS-mediated apoptosis pathway in ADR as well. It is necessary to 
mention that superoxide production is not elevated in ADR worms, but we did not measure 
membrane potential and ROS production rates in isolated mitochondria of aged axenically cultured 
worms and age-matched fully-fed conditions. Thus we cannot completely dismiss the possibility that 
reduced ROS production at advanced age plays a role in ADR-mediated longevity (Brys et al. 2007; 
Back et al. 2012a; Castelein et al. 2014b). 
7.1.2 Histone modifications in ADR longevity 
In C. elegans, histone modifications have been studied in the context of development and aging, 
including methylation and acetylation (Gonzalez-Aguilera et al. 2013). Two C. elegans SET 
(trithorax/polycomb) domain proteins, SET-9 and SET-15, have been identified from a genome-wide 
RNAi screen for longevity genes (Hamilton et al. 2005). Inactivation of both genes increased worm 
lifespan, suggesting that chromatin modifications may control the aging process. Recently, a more 
systematic analysis of putative and known methyl transferases and their interactors led to the 
identification of the H3K4me3 regulatory complex (ASH-2, WDR-5 and SET-2), of which inhibition 
resulted in a 20-30% lifespan extension (Greer et al. 2010). More intriguingly, these histone 
modification factors are important for the transgenerational epigenetic inheritance of longevity, 
since perturbation of maternal H3K4 methylation status could regulate the lifespan of descendants 
in subsequent generations (Greer et al. 2011). In humans, studies on Dutch famine have 
demonstrated that early-life environmental conditions can cause epigenetic changes that persist 
throughout life and affect their descendants' susceptibilities to diseases (Heijmans et al. 2008; Tobi 
et al. 2009). Therefore, histone modifications, particularly methylation, may provide an alternative 
mechanism to explain ADR-induced longevity. We tested the hypothesis that whether ADR-induced 
longevity could be transgenerationally inherited by culturing worms in a series of generations in 
axenic medium; however, the preliminary result seems negative as no significant lifespan extension 
was observed in descendants of ADR worms, compared with controls under standard condition (data 
not shown). 
Considering both CBP-1 and SIR-2.1 are histone modifiers with acetyltransferase and deacetylase 
activity, respectively, it is likely that both factors play a role in histone modifications responsible for 
ADR-induced longevity (see diet-switching experiment, Chapter 4). According to the results (Figure 
4.4), worms shifted from ADR to bacterial food exhibit normal lifespan, while worms fully-fed with 
bacteria during development could have extended lifespan once transferred to ADR at adulthood. 
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Apparently, no changes on the genetic components occur in these worms, but the transcriptional 
responses to ADR do exist as shown in our RNAseq analysis (Chapter 5). CBP-1 can acetylate both 
histones and non-histone proteins (Victor et al. 2002; Zhang et al. 2009). Thus, CBP-1 may be 
involved in the chromatin remodeling by regulating the acetylation of histones. Besides, as a 
transcription coactivator, CBP-1 also binds and interacts with numerous transcription factors 
implicated in multiple pathways essentially in embryonic development, vulva development, 
apoptosis and aging in C. elegans (Shi and Mello, 1998; Eastburn and Han, 2005; Zhang et al., 2009; 
Yang et al., 2009; Chiang et al., 2012). In such case, it is difficult to directly investigate the function of 
CBP-1 in longevity without affecting other biological processes. One possible approach is to identify 
and characterize the key transcription factor interacting with CBP-1 and specifically regulating ADR-
induced longevity. 
In a broader context, P300/ CBP are thought to increase gene expression in three ways, by 
chromatin remodeling through histone acetylation by their intrinsic histone acetyltransferase (HAT) 
activity, recruiting the basal transcriptional machinery including RNA polymerase II to the promoter 
and acting as adaptor molecules (Goodman & Smolik 2000; Jin et al. 2010). P300/ CBP are critical for 
embryonic development, as mice completely lacking either CBP or p300 protein, die at an early 
embryonic stage (Yao et al. 1998; Tanaka et al. 2000). Mutations in P300/ CBP cause the Rubinstein-
Taybi Syndrome and several types of cancer (Petrij et al. 1995; Iyer et al. 2004). A defect in CBP HAT 
activity appears to cause problems in long-term memory (Korzus et al. 2004). P300/ CBP have also 
been found to be involved in multiple rare chromosomal translocations that are associated with 
acute myeloid leukemia (Goodman & Smolik 2000; Iyer et al. 2004). 
Interestingly, different tissues or cell types respond differently to the loss of P300/ CBP, since some 
cell types can tolerate the loss better than the whole organism can (Kasper et al. 2006; Xu et al. 
2006). In addition, the hypothalamic level of P300/ CBP in mice correlates with longevity and RNAi 
inhibition of cbp-1 in C. elegans causes reduction of lifespan (Zhang et al. 2009). In line with this, we 
found CBP-1 is required typically in neuron, intestine and germline to maintain normal lifespan, 
while neuronal CBP-1 is indispensable for ADR-induced longevity, particularly in GABAergic neurons 
(Chapter 3). Although the mechanisms by which CBP-1 acts in GABAergic neurons to regulate ADR 
longevity require further investigation, our study has provided evidence on the site of CBP-1 function 
in ADR-induced longevity. 
Recent new findings have also reported that MET-2 and JMJD-3.1, a methyltransferase of H3K9me 
and demethylase of H3K27me3, respectively, are essential in the pro-longevity effect by inhibition of 
mitochondrial respiration through the activation of UPRmt (Merkwirth et al. 2016; Tian et al. 2016). 
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Interestingly, we also detected up-regulation of JMJD-3.1 in our transcriptomic profile (data not 
shown). Thus, we should include these genes into a future lifespan screen.  
7.1.3 Possible role of TMC-1 in ADR longevity 
Recently, it was reported that development in CeMM (C. elegans maintenance medium), a 
chemically defined axenic medium (Szewczyk et al. 2006), can be promoted through mutation of a 
single gene, tmc-1 (Zhang et al. 2015). This gene encodes a transmembrane channel-like protein 
(TMC), belonging to a family of channel-like proteins conserved from worms to humans (Keresztes et 
al. 2003; Kurima et al. 2003). Interestingly, tmc-1 mutants develop normally when fed OP50. C. 
elegans also encodes an additional TMC protein, TMC-2; however, tmc-2, unlike tmc-1, is not 
involved regulating worm development rate in CeMM. In mammals, the genome encodes eight TMC 
genes, among which TMC1 and 2 are essential for hearing (Kawashima et al. 2011; Pan et al. 2013). 
tmc-1 was reported to be expressed in sensory neurons, cholinergic ventral cord neurons and 
additional unidentified head, motor and interneurons (Kurima et al. 2003; Chatzigeorgiou et al. 
2013). TMC-1 has been shown to be involved in salt chemosensation (Chatzigeorgiou et al. 2013). 
However, increased sodium in the media does not accelerated or retarded development on CeMM 
or on NGM media (Zhang et al. 2015). A recent report has revealed an unexpected role of TMC-1 in 
mediating alkaline sensation in ASH neurons, but TMC-1 is not dedicated for detecting alkaline pH in 
the environment (Wang et al. 2016). Future effort is needed to determine the physiological roles of 
TMC-1 in these head neurons. 
Importantly, TMC-1 slows worm growth in CeMM through head cholinergic neurons, specifically MC 
neurons, and body wall muscles (Zhang et al. 2015). MC neuron ablation in wild-type larvae is 
sufficient to accelerate their growth in CeMM, indicating that signals from MC neurons are involved 
in how the animal couples mechanical nutrient intake with cellular growth rate. TMC-1 stimulates 
the MC neurons’ cholinergic transmission to the pharyngeal muscles (Zhang et al. 2015). It was 
proposed that TMC-1 indirectly or directly transduces or amplifies mild internal stress signals in 
neurons and muscles (Zhang et al. 2015). Additionally, the faster development of tmc-1 mutants in 
CeMM requires the insulin/IGF-1 signaling and insulin-like peptide DAF-28. However, there is no 
expression overlap between the insulin-expressing neurons and the tmc-1-expressing neurons, 
speculating diffusion over ~100-200µm could be sufficient for their communication in or near the C. 
elegans nerve ring region (Zhang et al. 2015). 
Regarding this, we observed slower development of several insulin pathway-related mutants in 
undefined axenic medium compared with wild type, including daf-2, daf-16. However, although DAF-
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2 and DAF-16 seem to be required for animals to develop in axenic medium, ADR-induced longevity 
seems dispensable of both factors (Houthoofd et al. 2002; Houthoofd et al. 2004). Additionally, 
lifespan on CeMM was also not affected by tmc-1 mutation (Zhang et al. 2015). Therefore, tmc-1 
may not be a key player in ADR longevity. 
7.1.4 Remarks on RNAi and using tissue-specific strains 
In our study, we performed RNAi treatment during adulthood to avoid developmental effects of 
some genes, like pha-4 and cbp-1. In the genetic study of ADR-induced longevity, both mutants and 
RNAi are used. Due to the sterility of ADR, using mutants (null mutation) was set to the highest 
priority. In case no such null mutation was available (e.g. cbp-1), RNAi knockdown was used. RNAi 
can be performed in 3 ways: injection, feeding and soaking (Timmons et al. 2001; Ahringer 2006). 
Injection of worms for survival assay is technically impossible. Currently, soaking is also not feasible 
for survival assays. First, worms should be rescued in a sterile way after soaking in concentrated 
sterile dsRNA reagent which has never been performed before. Second, whole-life soaking with 
dsRNA has not been investigated yet. It would be interesting to develop such a sterile soaking 
technique to study ADR genetics. Therefore, for now, feeding is the most feasible and easiest way to 
perform RNAi. However, this brings up the important issue of RNAi timing. It is necessary to perform 
RNAi during adulthood. Our setup for RNAi during the first 5 days adulthood is based upon existing 
literature (Zhang et al. 2009) and it works at least for cbp-1. It might result in false negative 
outcomes for some genes, which we currently cannot avoid. 
In order to verify RNAi efficiency, qPCR can be done after the 5-day feeding treatment. In the genetic 
screen, it would be difficult to perform for such a large number of genes. We assume that after a 5-
day RNAi treatment, gene knockdown occurs, although efficiency may vary among genes. This is a 
critical remark for future investigation using RNAi in ADR studies. 
We also used transgenic strains allowing tissue specific RNAi to address the question in which tissues 
a certain gene functions in the regulation of longevity. Particularly, we studied this question for the 
gene cbp-1. Intriguingly, we found neuronal CBP-1 is required for ADR-induced longevity. In order to 
further confirm this finding, it is recommended to use more than one strain for tissue-specific gene 
knockdown due to potential RNAi leakage. It has been reported that leak effects exists in several 
tissue-specific strains, such as the rrf-1 mutant (germline-specific) (Kumsta & Hansen 2012). In our 
case, cbp-1 does not seem function in the intestine to regulate ADR-induced longevity, which 
resolves the problem of neuronal knockdown leaking to the intestine. We also used another neuron-
specific strain AGD638 (a kind gift from Dr. Malene Hansen) to confirm our results. The results were 
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consistent with our other results.  However, due to dsRNA leak to the intestine in AGD638, the data 
was not shown. 
Instead of using tissue-specific strains for RNAi, an alternative way is to rescue gene function in 
particular tissues by creating transgenic worms with gene guided with certain promoter specific for 
certain tissues. This method is quite often used in C. elegans genetic studies. For instance, tissue-
specific rescue of daf-16 in neurons would sustain the extended lifespan of daf-2 mutant (Libina et al. 
2003). However, cbp-1 null mutation is not available. In future, it would be possible to take this 
approach for studying ADR-induced longevity for other factors. 
7.2 Physiological adaptations in axenically cultured worms 
7.2.1 Mitochondrial stress and improved function 
One important study on CeMM with microarray analysis has provided some implications of the 
axenic regimen on worm physiology, including reduced fertility, slowed development, altered 
expression of genes in energy metabolism and extended lifespan (Szewczyk et al. 2006). It has been 
shown that axenically cultured worms exhibit increased metabolic rate, increased stress resistance 
and enhanced mitochondrial function (Houthoofd et al. 2002; Castelein et al. 2008; Castelein et al. 
2014b). The transcriptional profile of axenically-cultured worms also suggests altered expression of 
genes in metabolism, particularly lipid and amino acid metabolism, although the enrichment of 
mitochondrial metabolic genes is not profound in our study (see Chapter 5). 
We investigated the role of the mitochondrial unfolded protein response (UPRmt), mitohormesis and 
mitophagy in ADR-mediated lifespan extension. Although ADR-induced longevity can be uncoupled 
from either the activation of UPRmt, mitohormesis and mitophagy, this does not exclude that other 
mitochondrial functions (e.g. metabolism and apoptosis signaling) play critical roles in ADR-induced 
physiological adaptations, which may link to the way how ADR worms age. In support of this, firstly, 
an increased metabolism was observed in ADR worms (Houthoofd et al. 2002). Secondly, 
mitochondrial coupling is significantly improved and leakiness decreased in aged ADR worms. Thirdly, 
mitochondrial density is increased in ADR worms (Castelein et al. 2014b). Last but not least, 
mitochondrial UPR, but not other forms of UPR, is specifically activated by ADR, and gradually shut 
off once worms fed with bacteria, indicating that mitochondria in ADR worms experience a certain 
level of stress and a stress response pathway is activated to cope with it. However, what signals and 
how UPRmt is activated under ADR is unknown right now. 
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7.2.3 Protein and lipid metabolism 
Axenic medium is low in lipid content, but has a high concentration in proteins and peptides. It is still 
unknown how this diet affects protein and lipid metabolism. According to our empirical experience, 
worms in ADR might utilize lipid in a different way compared to standard culture with bacterial food, 
because ADR worms are slender and gradually become pale with age, suggesting decreased 
accumulation of lipid droplets in body, which can be tested in future by Oil Red staining. Recently 
developed reporter strains targeting lipid droplets would be helpful for quantifying lipids and 
evaluate lipid metabolism in ADR-induced longevity (Mak 2011; Mak 2013). DR reduces fat storage, 
while accumulated lipids are observed in daf-2 mutants (Depuydt et al. 2013). Since genes of amino 
acid metabolism are up-regulated (Chapter 5), we hypothesize that enhanced protein catabolism 
might be important for ADR worms. 
Additionally, supplementation of metabolically active microbes can rescue the slowed development 
and abolish the extended longevity of ADR worms, suggesting that some nutrients with limited 
availability in axenic medium could be responsible for ADR-induced physiological changes with 
effects on development and longevity (Lenaerts et al. 2008). 
7.2.4 Tissues and cellular changes under TEM 
It is clear that the age-related decline in tissue morphology and function is attenuated by DR 
(Depuydt et al. 2013), which is further confirmed by our findings as well. Axenically cultured worms 
show typical DR-like phenotypes and well retain muscle function with age. Based on our TEM results, 
the most striking observation is that mitochondria in worms under ADR are enlarged and their 
efficiency is highly elevated according to our recent study (Castelein et al. 2014b). We also noticed 
some other aspects of intestinal cells of ADR worms compared with FF control, such as reduced 
number of ribosomes attached to the endoplasmic reticulum (data not shown). Due to limited TEM 
slides, results were not shown in this study. Future investigation is needed to uncover the tissue and 
cellular changes under ADR. Although it might not be directly related to ADR-induced longevity as 
we assumed, it may provide insights into worm physiology in axenic medium. 
7.3 Sensory perception and neuroendocrinal signaling in ADR-
induced longevity 
7.3.1 Sensory perception in ADR-induced longevity: upstream events 
Organisms have the ability to coordinate their internal physiological status with external nutrient 
availability or environmental cues for survival and fitness. An appreciation of the relationship 
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between sensory input and aging has been spearheaded by research in C. elegans and flies (Linford 
et al. 2011; Riera & Dillin 2016). The landmark work using C. elegans has established that 
suppression of sensory perception via laser ablation of chemosensory neurons could extend lifespan 
(Apfeld & Kenyon 1999). Subsequent work indicated that mutations that impair chemosensory signal 
transduction increase the lifespan in both flies and worms, which might be more complicated, as 
certain neurons enhance and others suppress longevity (Alcedo & Kenyon 2004; Lans & Jansen 2007; 
Libert et al. 2007). Recent studies have further illustrated that DR-mediated longevity could be 
modulated through neuronal signals (Bishop & Guarente 2007a; Park et al. 2010). Recently, it was 
found that DR mimetics may act on longevity via a food perception pathway by promoting glutamate 
signaling in the pharynx.  The dietary restriction response is activated by pharmacological masking of 
a novel sensory pathway that signals the presence of food (Lucanic et al. 2016).  
Based on our results, we suggest that CBP-1-dependent ADR-induced longevity is modulated 
probably through sensory perception and neuroendocrinal signaling, since both systemic and 
neuronal inactivation of CBP-1 affect the worm's foraging. This does not rule out other possibilities 
of CBP-1 function in governing worm behavior because food response and foraging are controlled by 
other factors and neuronal cues as well (de Bono & Bargmann 1998; Bargmann 2006; Cohen et al. 
2014). 
7.3.2 BLI-4-associated peptidergic signaling 
We identified bli-4 as a promising gene for ADR-induced longevity from a screen focusing on genes 
of neurotransmitters and proprotein convertases (see Chapter 6). BLI-4 is recognized to cleave 
procollagen into collagen and it is important for structural integrity of the worm cuticle. Hence, null 
alleles of bli-4 cause lethality. Transcripts of bli-4 are also expressed in the nervous system (Thacker 
et al. 1995; Thacker et al. 2000). Interestingly, increasing evidence revealed an important role of BLI-
4 in remodeling sensory perception, dauer formation and food response in certain neural circuits 
(Leinwand & Chalasani 2013; Hung et al. 2014; Neal et al. 2015). Thus, nutrient information is 
integrated in a small neuronal network to modulate neuroendocrine signaling and developmental 
plasticity. Together with our RNAseq data in which we observed strong up-regulation of some 
neuropeptides, we predict that neuroendocrine signaling through neuropeptides processed by BLI-4 
is likely involved in ADR-induced longevity. 
The BLI-4 proprotein convertase regulates the processing of different subsets of ILP precursors 
(Husson et al. 2006; Leinwand & Chalasani 2013; Hung et al. 2014; Neal et al. 2015). A link between 
nutrient availability and insulin signaling is now well established in C. elegans (Kenyon 2010; Riera & 
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Dillin 2016) and the expression of several ILP genes has been shown to be regulated by food 
availability (Li & Kim 2008; Cornils et al. 2011; Ritter et al. 2013; Chen & Baugh 2014). Despite the 
presence of multiple ILPs, the C. elegans genome encodes only one single insulin receptor encoded 
by the daf-2 gene. Nevertheless, DAF-2 is not required for ADR-induced longevity, as daf-2 mutants 
show further additive lifespan extension under ADR (Houthoofd et al. 2002). Whether BLI-4 is 
involved in other types of neuropeptide processing or whether the ILPs bind to alternative unknown 
receptors are still open questions. 
Another question is in which tissues, particularly which types of neurons the signals are initiated, 
transmitted and received to mediate physiological responses under ADR. We found GABAergic 
neurons are critical for CBP-1 function to modulate ADR-induced longevity, but the exact mode is 
not clear. We have not tested in which tissues BLI-4 functions to regulate ADR-induced longevity. bli-
4 is expressed in multiple tissues as well and there are several isoforms of BLI-4 (Thacker et al. 1995; 
Thacker et al. 2000). Therefore, it is critical to identify which isoform of BLI-4 acts in which tissue 
where it mediates the neuroendocrinal signal for ADR-induced longevity. 
7.3.3 A proposed model for ADR longevity 
Up till now, key factors involved in ADR-induced longevity that have been identified include CBP-1, 
CUP-4 and BLI-4 and a few that have partial effects, such as AAK-2, SIR-2.1 and CRH-1. As described 
in current study, each factor represents distinct functions and may act in various tissues in mediating 
ADR longevity. A proposed model to integrate these factors for ADR-induced longevity is presented 
in Figure 7.1. 
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Figure 7.1 A proposed model for ADR-induced longevity 
Under axenic dietary restriction (ADR), the environmental cues in the medium initiate neuronal 
signaling via an unknown receptor located in a subset of sensory neurons (marked in red upright 
(box 1)) (TMC-1 is a potential candidate to test). The latter promotes neuroendocrinal signaling via 
the synthesis of neurotransmitters and/or neuropeptides, which amplify the signals into 
downstream interneurons, such as GABAergic RIS neuron. In GABAergic neurons, CBP-1 interacts 
with yet undefined transcription factors to activate a genetic program, directly or indirectly 
coordinated with other tissues to promote ADR-induced longevity. In the case of an indirect effect, 
certain neuropeptides specifically cleaved by neuronal BLI-4, in turn activate its receptor in neurons, 
as well as other tissues to up-regulate the expression of the life-maintenance genes under ADR (box 
1). Concomitantly, coelomocytes increase uptake of nutrients or other functional molecules through 
activity of the CUP-4 channel, which eventually contributes to ADR-induced longevity (box 2). A 
simple diagram is presented in box (3). 
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7.4 Conclusions  
Our genetic screen revealed that most key genes involved in other DR regimens and other longevity 
pathways seem not important for ADR-induced longevity, except for cup-4 and cbp-1. Thus, the 
search for new genes and possible alternative mechanisms supporting ADR-mediated longevity is 
still ongoing. We provided solid evidence that ADR treatment specifically induces an UPRmt response 
in C. elegans but this induction is not required for the ADR-mediated longevity. We also show that 
ROS-mediated mitohormesis and mitophagy are probably not involved in this longevity phenotype. 
In addition, we have demonstrated that CBP-1 functions in neurons, intestine and germline to 
regulate lifespan under fully-fed conditions. Activity of CBP-1 in GABAergic neurons is required for 
ADR-induced longevity. We propose that neuronal CBP-1 may be involved in food sensing in axenic 
media. Although it is not yet clear how CBP-1 functions in neurons to influence ADR-induced 
longevity, it may act via sensory perception and neuroendocrine signaling. In support of this 
hypothesis, we identified BLI-4, a proprotein convertase for neuropeptide processing, as an 
indispensable player signaling in ADR-induced longevity. By means of our genetic screens and 
transcriptomics work, we have made a first but important step in the understanding of the ADR 
longevity enigma. 
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Other genes tested in ADR-mediated longevity: ubc-18, wwp-1, sams-1 and nuo-6 
It has been shown that the HECT (homologous to E6AP carboxy terminus) E3 ubiquitin ligase WWP-1 
as a positive regulator of lifespan in C. elegans in response to dietary restriction. Overexpression of 
wwp-1 in worms extends lifespan by up to 20% under fully-fed condition and this extension is 
dependent on PHA-4, but independent of DAF-16. Inhibition of wwp-1 specifically suppresses DR-
mediated longevity, but not the extended lifespan conferred by mitochondrial function or reduced 
insulin/IGF-1 signaling. Furthermore, the E2 ubiquitin conjugating enzyme, UBC-18 interacts with 
WWP-1 and is also essential and specific for DR-induced longevity (Carrano et al. 2009; Carrano & 
Hunter 2015). However, our screen results did not support the notion that either WWP-1 or UBC-18 
is important for ADR-induced longevity (Figure A.1B, C; Table A.1). In addition, another gene we 
tested was sams-1, which encodes S-adenosyl methionine synthetase 1 in C. elegans. It is predicted 
to be relevant to DR-mediated longevity, since sams-1 RNAi significantly extends lifespan of wild-
type by 15%, but fails to further extend lifespan of eat-2 mutants (Hansen et al. 2005). But we did 
not observe extended lifespan in FF condition of sams-1 mutants, but still similar lifespan extension 
under ADR, indicating that SAMS-1 may not be required as well (Figure A.1D; Table A.1). 
Furthermore, a mutation allele in a conserved subunit of mitochondrial complex I (NUDFB4), nuo-
6(qm200), reduces mitochondrial function such as lower oxygen consumption and ATP production, 
but increases lifespan (Yang & Hekimi 2010b). Most importantly, the model of prolongevity  by 
mutation of nuo-6 is distinct from RNAi inhibition, which is also observed for the gene isp-1 (Yang & 
Hekimi 2010b). Recently, the prolonged longevity phenotype of nuo-6(qm200) has been linked to 
the intrisic apoptotic pathway mediated by mitochondrial ROS (Yee et al. 2014). Our results 
confirmed that nuo-6 mutants had slightly extended lifespan under FF condition, but with the similar 
lifespan extension by ADR as wild-type (Figure A.1E; Table A.1). Next, we tested another gene icl-1, 
encoding isocitrate lyase critical for glyoxylate cycle, has been previously reported to be required for 
daf-2 longevity (Murphy et al. 2003). The lifespan extensions induced by ADR were to the similar 
extent for N2 and icl-1 mutants (Figure A.1F; Table A.1), suggesting partially inhibition of glyoxylate 
cycle did not block ADR longevity. 
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Figure A.1 The effect of other genes knockdown or mutation on ADR-mediated longevity. 
A: cbp-1(RNAi), B: ubc-18(RNAi), C: wwp-1(ok1102), D: sams-1(ok3033), E: nuo-6(qm200), F: icl-
1(ok531). FF is fully fed, ADR is axenic dietary restriction in liquid medium. The graphs show the 
average results of at least 2 biological replicates. Numerical data is summarized in Table S7.1. 
Table A.1: Survival data of other genes in Figure A.1 (pooled data shown) 
Strain 
Experiment 
Mean Lifespan 
(±SE days) 
Sample 
size/trials P-value(a) P-value(b) 
L4440 
FF 24.50±0.34 274/3     
ADR 39.17±1.00 238/3 P<0.0001 
 
cbp-1 RNAi 
FF 14.81±0.14 278/3 
 
P<0.0001 
ADR 18.10±0.24 345/3 P<0.0001 P<0.0001 
ubc-18 RNAi 
FF 23.98±0.45 214/3 
 
P=1 
ADR 37.51±0.86 241/3 P<0.0001 P=0.2991 
wt 
FF 15.06±0.26 429/4     
ADR 28.94±0.51 384/4 P<0.0001 
 wwp-1 FF 14.13±0.22 346/4 
 
P=0.0001 
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ADR 24.36±0.27 388/4 P<0.0001 P<0.0001 
wt 
FF 15.93±0.31 200/2     
ADR 30.07±0.86 183/2 P<0.0001 
 
sams-1 
FF 14.21±0.37 257/2 
 
P=0.012 
ADR 30.05±0.67 202/2 P<0.0001 P=0.9631 
wt 
FF 16.42±0.45 178/2     
ADR 29.62±0.78 202/2 P<0.0001 
 
nuo-6 
FF 19.21±0.78 208/2 
 
P=0.0042 
ADR 34.74±1.05 235/2 P<0.0001 P<0.0001 
wt 
FF 15.73±0.34 115/1     
ADR 29.78±1.01 105/1 P<0.0001 
 
icl-1 
FF 17.53±0.62 81/1 
 
P=0.006 
ADR 34.94±1.32 108/1 P<0.0001 P=0.0007 
Mean lifespan is represented of pooled data. Notes: P-value compared to a own FF control, b ADR 
condition 
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Figure A.2: Mean lifespan (± s.e.m) of each independent replicates in Chapter 2 
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Figure A.3: Mean lifespan (± s.e.m) of each independent replicates in Chapter 3 
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Figure A.4: Mean lifespan (± s.e.m) of each independent replicates in Chapter 4 
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Figure A.5: Mean Lifespan of each independent replicates in Chapter 6 
 
Table A.2: Mean Lifespan of independent replicates in Chapter 3 
Strain Replicate Treatment Experiment Mean Lifespan (±SE days) # Worm P-value(a) P-value(b) 
N2 
1 
L4440 RNAi 
FF 21.47±0.50 67     
ADR 41.95±1.99 39 P <0.0001 
 
cbp-1 RNAi 
FF 12.76±0.19 102 
 
P <0.0001 
ADR 13.38±0.25 136 P =0.3827 P <0.0001 
2 
L4440 RNAi 
FF 23.04±1.03 44 
  
ADR 34.22±1.19 79 P <0.0001 
 
cbp-1 RNAi 
FF 14.09±0.28 66 
 
P <0.0001 
ADR 13.01±0.15 83 P =0.0019 P <0.0001 
3 
L4440 RNAi 
FF 24.61±0.46 34 
  
ADR 41.39±0.87 56 P <0.0001 
 
cbp-1 RNAi 
FF 14.16±0.18 79 
 
P <0.0001 
ADR 15.07±0.19 148 P <0.0001 P <0.0001 
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4 
L4440 RNAi 
FF 25.25±0.16 36 
  
ADR contaminated 
   
cbp-1 RNAi 
FF 15.24±0.26 76 
  
ADR contaminated       
TU3401 
1 
L4440 RNAi 
FF 18.58±0.40 105     
ADR 27.69±0.71 115 P <0.0001 
 
cbp-1 RNAi 
FF 14.03±0.24 60 
 
P <0.0001 
ADR 14.13±0.27 105 P =0.0538 P <0.0001 
2 
L4440 RNAi 
FF 22.34±0.58 55 
  
ADR 31.45±0.85 107 P <0.0001 
 
cbp-1 RNAi 
FF 13.01±0.21 97 
 
P <0.0001 
ADR 14.07±0.33 107 P =0.0020 P <0.0001 
3 
L4440 RNAi 
FF 15.56±0.59 43 
  
ADR 33.55±1.20 119 P <0.0001 
 
cbp-1 RNAi 
FF 11.22±0.18 96 
 
P <0.0001 
ADR 14.53±0.35 143 P <0.0001 P <0.0001 
4 
L4440 RNAi 
FF 21.24±0.40 49 
  
ADR contaminated 
   
cbp-1 RNAi 
FF 12.82±0.32 65 
 
P <0.0001 
ADR 12.67±0.12 105 P =0.1250 
 
5 
L4440 RNAi 
FF 21.97±0.55 119 
  
ADR contaminated 
   
cbp-1 RNAi 
FF 11.90±0.46 41 
 
P <0.0001 
ADR 12.30±0.40 30 P =0.6220 
 
6 
L4440 RNAi 
FF contaminated 
   
ADR contaminated 
   
cbp-1 RNAi 
FF 10.81±0.12 16 
  
ADR 11.53±0.11 60 P =0.0633   
RB798 
1 
L4440 RNAi 
FF 24.28±0.79 50     
ADR 41.18±0.90 112 P <0.0001 
 
cbp-1 RNAi 
FF 16.70±0.39 93 
 
P <0.0001 
ADR 27.57±0.77 122 P <0.0001 P <0.0001 
2 
L4440 RNAi 
FF 21.73±1.72 40 
  
ADR 34.78±0.87 72 P <0.0001 
 
cbp-1 RNAi 
FF 17.62±0.44 60 
 
P =0.2965 
ADR 23.89±0.90 72 P <0.0001 P <0.0001 
3 
L4440 RNAi 
FF 23.88±2.43 78 
  
ADR 39.78±2.13 41 P =0.0001 
 
cbp-1 RNAi 
FF 14.19±0.60 47 
 
P =0.0009 
ADR 26.47±1.50 104 P <0.0001 P =0.0104 
4 
L4440 RNAi 
FF 25.70±0.51 54 
  
ADR contaminated 
   cbp-1 RNAi FF 17.77±0.67 30 
 
P <0.0001 
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ADR contaminated       
VP303 
1 
L4440 RNAi 
FF 23.31±0.95 20     
ADR 30.44±0.92 60 P <0.0001 
 
cbp-1 RNAi 
FF 15.97±0.17 151 
 
P <0.0001 
ADR 24.03±0.36 143 P <0.0001 P <0.0001 
2 
L4440 RNAi 
FF 21.88±0.59 98 
  
ADR 35.18±1.49 69 P <0.0001 
 
cbp-1 RNAi 
FF 16.89±0.22 96 
 
P <0.0001 
ADR 26.30±0.52 104 P <0.0001 P <0.0001 
3 
L4440 RNAi 
FF 19.00±0.88 23 
  
ADR contaminated 
   
cbp-1 RNAi 
FF 15.73±0.29 48 
 
P =0.0003 
ADR 26.09±0.47 77 P <0.0001   
WM118 
1 
L4440 RNAi 
FF 20.05±1.32 38     
ADR 33.41±0.96 108 P <0.0001 
 
cbp-1 RNAi 
FF 21.66±0.58 104 
 
P =1 
ADR 32.07±1.29 75 P <0.0001 P =1 
2 
L4440 RNAi 
FF 24.70±0.90 56 
  
ADR 35.29±0.86 166 P <0.0001 
 
cbp-1 RNAi 
FF 25.67±1.32 33 
 
P =1 
ADR 33.82±1.05 110 P <0.0001 P =1 
3 
L4440 RNAi 
FF 20.66±0.61 85 
  
ADR contaminated 
   
cbp-1 RNAi 
FF 21.65±1.22 26 
 
P =1 
ADR contaminated 
   
4 
L4440 RNAi 
FF 26.70±0.94 40 
  
ADR contaminated 
   
cbp-1 RNAi 
FF 27.14±0.57 94 
 
P =1 
ADR contaminated 
   
5 
L4440 RNAi 
FF 27.36±0.84 89 
  
ADR contaminated 
   
cbp-1 RNAi 
FF 25.68±0.70 88 
 
P =0.2811 
ADR contaminated       
NR222 
1 
L4440 RNAi 
FF 19.92±0.48 118     
ADR 27.39±0.56 126 P <0.0001 
 
cbp-1 RNAi 
FF 19.96±0.63 45 
 
P =1 
ADR 25.99±0.44 110 P <0.0001 P =0.0590 
2 
L4440 RNAi 
FF 28.68±0.81 44 
  
ADR 40.28±1.28 54 P <0.0001 
 
cbp-1 RNAi 
FF 25.55±0.72 40 
 
P =0.0358 
ADR 34.22±1.04 36 P <0.0001 P =0.0090 
3 L4440 RNAi 
FF 22.98±0.92 44 
  
ADR contaminated 
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cbp-1 RNAi 
FF 17.49±0.51 41 
 
P <0.0001 
ADR contaminated 
   
4 
L4440 RNAi 
FF 22.95±1.11 19 
  
ADR contaminated 
   
cbp-1 RNAi 
FF 21.29±0.38 125 
 
P =1 
ADR contaminated       
RA382 
1 
L4440 RNAi 
FF 19.92±0.40 60     
ADR 26.57±0.94 92 P <0.0001 
 
cbp-1 RNAi 
FF 19.82±0.30 92 
 
P =1 
ADR 25.78±0.75 103 P <0.0001 P =1 
2 
L4440 RNAi 
FF 22.47±0.58 34 
  
ADR 43.15±1.35 52 P <0.0001 
 
cbp-1 RNAi 
FF 19.03±0.38 61 
 
P <0.0001 
ADR 36.28±2.65 91 P <0.0001 P =0.0351 
3 
L4440 RNAi 
FF 21.00±0.65 24 
  
ADR contaminated 
   
cbp-1 RNAi 
FF 20.38±0.45 47 
 
P =1 
ADR contaminated 
   
4 
L4440 RNAi 
FF contaminated 
   
ADR contaminated 
   
cbp-1 RNAi 
FF 17.03±0.25 101 
  
ADR contaminated       
NK640 
1 
L4440 RNAi 
FF 23.08±1.10 24     
ADR 28.44±0.60 93 P <0.0001 
 
cbp-1 RNAi 
FF 24.56±1.16 40 
 
P =1 
ADR 29.27±0.51 124 P =0.0017 P =1 
2 
L4440 RNAi 
FF 22.53±1.06 32 
  
ADR 34.56±1.39 53 P <0.0001 
 
cbp-1 RNAi 
FF 24.27±0.90 45 
 
P =1 
ADR 28.01±0.62 116 P =0.0030 P <0.0001 
3 
L4440 RNAi 
FF 20.81±0.83 38 
  
ADR 41.42±1.48 63 P <0.0001 
 
cbp-1 RNAi 
FF 18.28±1.16 22 
 
P =0.6981 
ADR 28.73±0.81 72 P <0.0001 P <0.0001 
4 
L4440 RNAi 
FF 21.76±1.24 22 
  
ADR 31.18±1.18 93 P <0.0001 
 
cbp-1 RNAi 
FF 18.40±0.59 68 
 
P =0.2718 
ADR contaminated 
   
5 
L4440 RNAi 
FF 22.00±1.12 46 
  
ADR contaminated 
   
cbp-1 RNAi 
FF 21.93±1.86 27 
 
P =1 
ADR contaminated 
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6 
L4440 RNAi 
FF contaminated 
   
ADR contaminated 
   
cbp-1 RNAi 
FF 25.58±0.70 56 
  
ADR contaminated       
N2 
1 
L4440 RNAi 
FF 21.46±0.49 118 
  
ADR 47.99±1.73 92 P <0.0001 
 
cbp-1 RNAi 
FF 12.75±0.20 101 
 
P <0.0001 
ADR 13.01±0.15 84 P =1 P <0.0001 
2 
L4440 RNAi 
FF 28.06±0.64 79 
  
ADR 35.83±1.53 102 P =0.0001 
 
cbp-1 RNAi 
FF 14.21±0.18 81 
 
P <0.0001 
ADR 17.33±0.33 111 P <0.0001 P <0.0001 
3 
L4440 RNAi 
FF 25.25±0.55 92 
  
ADR 45.74±1.21 96 P <0.0001 
 
cbp-1 RNAi 
FF 14.76±0.15 277 
 
P <0.0001 
ADR 16.54±0.21 277 P =0.0002 P <0.0001 
4 
L4440 RNAi 
FF 24.61±1.22 37 
  
ADR 41.39±1.27 85 P <0.0001 
 
cbp-1 RNAi 
FF 14.83±0.20 131 
 
P <0.0001 
ADR 17.24±0.24 135 P <0.0001 P <0.0001 
XE1375 
1 
L4440 RNAi 
FF 16.89±0.31 51     
ADR 29.03±1.13 74 P <0.0001 
 
cbp-1 RNAi 
FF 19.85±0.71 57 
 
P =0.0001 
ADR 23.35±0.80 90 P =0.0153 P =0.0012 
2 
L4440 RNAi 
FF 17.13±0.27 161 
  
ADR 29.56±1.38 54 P =0.0001 
 
cbp-1 RNAi 
FF 18.76±0.70 103 
 
P =0.0001 
ADR 21.75±2.11 28 P =1 P =0.3001 
3 
L4440 RNAi 
FF 17.66±0.32 131 
  
ADR 22.71±0.41 146 P <0.0001 
 
cbp-1 RNAi 
FF 20.13±0.27 241 
 
P <0.0001 
ADR 20.99±0.37 135 P =0.4614 P =0.0388 
4 
L4440 RNAi 
FF 17.05±0.30 133 
  
ADR 26.95±0.53 123 P <0.0001 
 
cbp-1 RNAi 
FF 20.65±0.47 139 
 
P <0.0001 
ADR 22.60±0.42 136 P =1 P <0.0001 
5 
L4440 RNAi 
FF 17.07±0.40 63 
  
ADR 24.27±0.66 93 P <0.0001 
 
cbp-1 RNAi 
FF 20.54±0.50 90 
 
P <0.0001 
ADR 21.04±0.46 99 P =1 P =0.0002 
XE1474 1 
L4440 RNAi 
FF 15.14±0.63 22     
ADR 22.37±1.54 44 P =0.0003 
 cbp-1 RNAi FF 15.67±0.37 44 
 
P =1 
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ADR 24.39±1.25 55 P <0.0001 P =1 
2 
L4440 RNAi 
FF 17.37±0.26 157 
  
ADR 23.95±0.59 117 P <0.0001 
 
cbp-1 RNAi 
FF 17.80±0.26 183 
 
P =1 
ADR 25.98±0.69 136 P <0.0001 P =0.4214 
3 
L4440 RNAi 
FF 18.25±0.34 108 
  
ADR 21.90±0.43 136 P <0.0001 
 
cbp-1 RNAi 
FF 18.16±0.29 174 
 
P =1 
ADR 22.60±0.49 134 P <0.0001 P =1 
4 
L4440 RNAi 
FF 17.95±0.30 138 
  
ADR 23.99±0.62 104 P <0.0001 
 
cbp-1 RNAi 
FF 16.59±0.27 165 
 
P =0.0209 
ADR 23.69±0.29 210 P <0.0001 P =1 
5 
L4440 RNAi 
FF 17.56±0.49 59 
  
ADR 20.16±0.38 102 P =0.0043 
 
cbp-1 RNAi 
FF 17.66±0.53 60 
 
P =1 
ADR 21.22±0.42 124 P =0.0001 P =1 
XE1581 
1 
L4440 RNAi 
FF 13.25±0.52 22     
ADR 21.91±0.85 34 P <0.0001 
 
cbp-1 RNAi 
FF 14.04±0.49 25 
 
P =1 
ADR 21.53±0.69 75 P <0.0001 P =1 
2 
L4440 RNAi 
FF 15.58±0.42 48 
  
ADR 24.78±0.89 72 P <0.0001 
 
cbp-1 RNAi 
FF 17.69±0.35 117 
 
P =0.0017 
ADR 24.26±0.64 86 P <0.0001 P =1 
3 
L4440 RNAi 
FF 16.40±0.37 106 
  
ADR 21.73±0.37 132 P <0.0001 
 
cbp-1 RNAi 
FF 15.22±0.25 158 
 
P =0.0304 
ADR 22.26±0.45 142 P <0.0001 P =1 
4 
L4440 RNAi 
FF 17.11±0.31 126 
  
ADR 23.81±0.50 117 P <0.0001 
 
cbp-1 RNAi 
FF 19.13±0.33 129 
 
P =0.0001 
ADR 23.92±0.42 145 P <0.0001 P =1 
5 
L4440 RNAi 
FF 15.82±0.52 34 
  
ADR 20.60±0.39 98 P <0.0001 
 
cbp-1 RNAi 
FF 17.34±0.54 44 
 
P =0.7446 
ADR 22.71±0.49 107 P =0.0001 P =0.169 
XE1582 
1 
L4440 RNAi 
FF 17.26±0.35 135     
ADR 25.25±0.71 130 P <0.0001 
 
cbp-1 RNAi 
FF 15.09±0.27 92 
 
P <0.0001 
ADR 22.16±0.40 124 P <0.0001 P =0.0008 
2 L4440 RNAi 
FF 17.77±0.23 185 
  
ADR 25.14±0.65 139 P <0.0001 
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cbp-1 RNAi 
FF 17.56±0.44 101 
 
P =1 
ADR 22.21±0.60 96 P <0.0001 P =0.0102 
3 
L4440 RNAi 
FF 18.46±0.46 65 
  
ADR 27.51±0.72 123 P <0.0001 
 
cbp-1 RNAi 
FF 18.55±0.32 149 
 
P =1 
ADR 25.73±0.63 129 P <0.0001 P =3463 
4 
L4440 RNAi 
FF 17.57±0.51 61 
  
ADR 27.15±0.68 119 P <0.0001 
 
cbp-1 RNAi 
FF 18.41±0.27 198 
 
P =1 
ADR 25.48±0.56 138 P <0.0001 P =0.2879 
5 
L4440 RNAi 
FF 14.46±0.24 72 
  
ADR contaminated 
   
cbp-1 RNAi 
FF 18.32±0.28 149 
 
P <0.0001 
ADR contaminated       
Mean lifespan is represented for each replicate.  
  Notes: P-value compared to a-own FF condition, b-to the matching control FF or ADR condition. 
 
Table A.3: Mean Lifespan of independent replicates in Chapter 4 
Strain/Treatment Replicate Experiment Mean Lifespan (±SE days) # Worm P-value(a) P-value(b) 
L4440 RNAi D1-D5 1 FF 29.81±0.90 66     
  ADR 46.00±1.21 57 P <0.0001 
 
 
2 FF 30.17±0.89 74 
  
  ADR 45.84±1.36 61 P <0.0001 
 
 
3 FF 30.17±0.89 24 
      ADR 45.37±1.11 81 P <0.0001   
ubl-5 RNAi D1-D5 1 FF 25.31±0.58 27 
 
P =0.0003 
  ADR 38.28±1.13 52 P <0.0001 P <0.0001 
 
2 FF 28.19±0.64 52 
 
P =0.0933 
  ADR 40.91±1.02 74 P <0.0001 P =0.0089 
 
3 FF 28.19±0.64 56 
 
P =0.0933 
  ADR 40.69±0.92 78 P <0.0001 P =0.0011 
L4440 RNAi L1-D0 1 FF 23.62±0.62 130     
  ADR 44.00±1.26 137 P <0.0001 
 
 
2 FF 24.76±0.75 87 
  
  ADR 44.19±1.30 132 P <0.0001 
 
 
3 FF 24.05±0.87 72 
      ADR 44.48±1.28 132 P <0.0001   
ubl-5 RNAi L1-D0 1 FF 20.42±0.52 134 
 
P =0.0010 
  ADR 39.97±1.02 140 P <0.0001 P =0.0140 
 
2 FF 24.01±0.90 91 
 
P =1 
  ADR 40.14±1.03 138 P <0.0001 P =0.0141 
 
3 FF 24.04±0.85 81 
 
P =1 
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  ADR 40.23±1.03 138 P <0.0001 P =0.0104 
L4440 RNAi 3 
generations 
1 
FF 28.89±0.91 97     
  ADR 50.74±1.18 152 P <0.0001 
 
 
2 FF 25.72±0.72 107 
      ADR 44.31±1.24 157 P <0.0001   
ubl-5 RNAi 3 
generations 
1 
FF 24.39±0.67 129   P <0.0001 
  ADR 41.52±1.23 121 P <0.0001 P <0.0001 
 
2 FF 25.29±0.84 92 
 
P =1 
    ADR 43.04±1.13 138 P <0.0001 P =0.7269 
L4440 RNAi D1-D5 1 FF 24.65±0.72 72     
  ADR 50.80±1.27 66 P <0.0001 
 
 
2 FF 28.47±0.66 71 
  
  ADR 38.04±0.90 110 P <0.0001 
 
 
3 FF 28.13±0.64 80 
      ADR 47.99±1.73 92 P <0.0001   
dve-1 RNAi D1-D5 1 FF 19.18±0.52 78   P <0.0001 
  ADR 41.49±1.41 50 P <0.0001 P <0.0001 
 
2 FF 27.92±0.46 108 
 
P =0.8626 
  ADR 39.73±0.96 99 P <0.0001 P =0.8018 
 
3 FF 28.54±0.53 81 
 
P =1 
    ADR 40.59±1.15 65 P <0.0001 P =0.0001 
haf-1 RNAi D1-D5 1 FF 22.98±0.63 72   P =0.1525 
  ADR 49.77±1.64 51 P <0.0001 P =1 
 
2 FF 26.20±0.79 75 
 
P =0.1743 
  ADR 39.01±1.42 78 P <0.0001 P =1 
 
3 FF 28.58±0.78 56 
 
P =1 
    ADR 40.81±0.96 110 P <0.0001 P <0.0001 
hsp-6 RNAi D1-D5 1 FF 22.83±0.80 56 
 
P =0.2937 
  ADR 50.86±1.98 55 P <0.0001 P =0.4521 
 
2 FF 21.79±0.72 92 
 
P <0.0001 
  ADR 36.83±1.44 97 P <0.0001 P =1 
 
3 FF 25.64±0.66 98 
 
P =0.0230 
  ADR 46.61±1.21 181 P <0.0001 P =0.3763 
N2 1 FF 18.36±0.40 78     
  ADR 39.46±0.88 127 P <0.0001 
 
 
2 FF 17.51±0.77 91 
  
  ADR 41.36±1.34 169 P <0.0001 
 
 
3 FF 15.73±0.34 115 
  
  ADR 40.82±1.09 83 P <0.0001 
 
 
4 FF 17.93±0.73 84 
  
  ADR 38.87±1.35 90 P <0.0001 
 
 
5 FF 18.37±0.45 130 
      ADR contaminated   P <0.0001 
 atfs-1(tm4525) 1 FF 19.27±0.74 78   P =0.1172 
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  ADR 40.26±1.42 149 P <0.0001 P =1 
 
2 FF 18.67±0.59 263 
 
P =0.5821 
  ADR 43.65±2.34 70 P <0.0001 P =1 
 
3 FF 17.17±0.94 107 
 
P =0.6297 
  ADR 41.83±1.47 120 P <0.0001 P =1 
 
4 FF 14.81±0.92 120 
 
P =0.0811 
  ADR 43.26±1.51 120 P <0.0001 P =0.1012 
 
5 FF 17.19±1.01 109 
 
P =1 
  ADR 39.84±1.42 134 P <0.0001 
 
 
6 FF contaminated 
       ADR 38.91±1.79 76     
atfs-1(et17) 1 FF 15.67±0.57 111   P =0.0063 
  ADR 29.95±1.07 164 P <0.0001 P <0.0001 
 
2 FF 18.00±0.50 141 
 
P =1 
  ADR 33.48±1.12 93 P <0.0001 P =0.0002 
 
3 FF 19.66±0.77 107 
 
P <0.0001 
  ADR 34.80±1.14 98 P <0.0001 P =0.0023 
 
4 FF 20.21±0.63 64 
 
P =1 
    ADR 34.60±1.69 115 P <0.0001 P =1 
atfs-1(et18) 1 FF 19.21±0.43 174   P =0.1435 
  ADR 36.59±1.04 180 P<0.0001 P =1 
 
2 FF 21.04±0.63 74 
 
P =0.0028 
  ADR 38.80±1.32 162 P <0.0001 P =1 
 
3 FF 17.94±0.45 132 
 
P <0.0001 
  ADR 33.38±1.79 97 P <0.0001 P =0.1213 
 
4 FF contaminated 
       ADR 29.78±1.01 105 
 
P =0.0001 
hsp-6::gfp 1 FF 15.69±0.53 96     
  FF->ADR 27.50±0.93 95 P <0.0001 
 
  ADR 31.80±1.39 76 
  
  ADR->FF 16.09±0.43 95 P <0.0001 
 
 
2 FF 16.15±0.58 115 
  
  FF->ADR 29.96±0.98 109 P <0.0001 
 
  ADR 32.26±1.32 97 
  
  ADR->FF 16.37±0.51 100 P <0.0001 
 
 
3 FF 16.29±0.50 100 
  
  FF->ADR 30.49±1.05 100 P <0.0001 
 
  ADR 28.63±0.99 102 
      ADR->FF 16.68±0.56 113 P <0.0001   
N2 control 1 FF 18.24±0.61 105     
  ADR 30.76±1.31 81 P <0.0001 
 
 
2 FF 18.40±0.77 98 
  
  ADR 35.18±1.63 90 P <0.0001 
 
 
3 FF 17.05±0.99 62 
  
  ADR 31.35±2.17 67 P <0.0001 
 
 
4 FF 19.64±0.97 79 
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  ADR 30.12±1.34 91 P <0.0001 
 
 
5 FF 17.51±0.77 91 
      ADR contaminated       
N2 NAC (5mM) 1 FF 17.87±0.70 76   P =1 
  ADR 32.29±1.09 79 P <0.0001 P =1 
 
2 FF 17.94±0.79 75 
 
P =1 
  ADR 32.59±1.59 79 P <0.0001 P =1 
 
3 FF 16.97±1.10 74 
 
P =1 
  ADR 29.66±2.33 90 P <0.0001 P =1 
 
4 FF 19.79±0.73 88 
 
P =1 
  ADR 30.87±1.80 110 P <0.0001 P =1 
 
5 FF 18.21±0.90 93 
 
P =1 
    ADR contaminated       
N2 control 1 FF 17.40±0.63 85     
  ADR 33.16±1.44 123 P <0.0001 
 
 
2 FF 15.58±0.66 84 
  
  ADR 35.63±1.62 90 P <0.0001 
 
 
3 FF 19.70±1.05 78 
  
  ADR 30.14±1.39 100 P <0.0001 
 
 
4 FF 16.67±0.70 62 
  
  ADR 30.35±2.00 88 P <0.0001 
 
 
5 FF 17.28±0.83 77 
      ADR contaminated       
N2 BHA (25µM) 1 FF 17.09±0.65 78 
 
P =1 
  ADR 28.79±1.08 116 P <0.0001 P =0.1877 
 
2 FF 14.67±0.66 75 
 
P =1 
  ADR 31.03±1.54 88 P <0.0001 P =0.2573 
 
3 FF 17.64±1.06 78 
 
P =1 
  ADR 29.98±1.24 114 P <0.0001 P =1 
 
4 FF 17.10±0.85 83 
 
P =1 
  ADR 28.45±1.86 81 P <0.0001 P =1 
 
5 FF 16.47±0.80 91 
 
P =1 
    ADR contaminated       
N2 control 1 FF 16.25±1.03 70     
  ADR 25.70±1.03 97 P <0.0001 
 
 
2 FF 22.21±1.34 21 
  
  ADR 29.27±2.35 87 P <0.0001 
 
 
3 FF 15.71±0.56 104 
  
  ADR 31.09±1.03 110 P <0.0001 
 
 
4 FF 18.35±0.68 74 
      ADR contaminated       
N2 NAC (10mM) 1 FF 18.90±1.45 90   P =0.4922 
  ADR 25.66±0.94 115 P =0.0063 P =1 
 
2 FF 22.18±0.75 68 
 
P =1 
  ADR 24.95±1.14 97 P =0.6290 P =0.4039 
 
3 FF 18.01±1.05 99 
 
P =0.0334 
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    ADR 26.97±0.94 110 P <0.0001 P =0.0247 
N2 control 1 FF 17.92±0.82 79     
  ADR 28.08±1.37 89 P <0.0001 
 
 
2 FF 19.47±1.15 21 
  
  ADR 27.75±1.62 84 P <0.0001 
 
 
3 FF 16.10±0.61 97 
      ADR 31.58±1.05 130 P <0.0001   
N2 BHA (50µM) 1 FF 16.82±1.93 92   P =1 
  ADR 29.03±1.22 111 P <0.0001 P =1 
 
2 FF 20.69±0.68 52 
 
P =1 
  ADR 29.23±1.56 93 P <0.0001 P =1 
 
3 FF 16.13±0.64 90 
 
P =1 
    ADR 26.24±0.87 123 P <0.0001 P =0.0018 
N2 1 FF 18.40±0.77 98     
  ADR 30.76±1.31 81 P <0.0001 
 
 
2 FF 15.71±0.56 104 
  
  ADR 31.09±1.03 110 P <0.0001 
 
 
3 FF 17.51±0.77 91 
  
  ADR 31.35±2.17 67 P <0.0001 
 
 
4 FF 15.73±0.34 115 
  
  ADR 34.94±1.32 108 P <0.0001 
 
 
5 FF 16.25±1.03 70 
  
  ADR 35.18±1.63 90 P <0.0001 
 
 
6 FF 15.87±0.72 97 
      ADR contaminated       
prdx-2(gk169) 1 FF 15.80±0.60 94   P =0.1226 
  ADR 38.18±1.65 108 P <0.0001 P =0.0082 
 
2 FF 17.06±0.91 90 
 
P =1 
  ADR 36.81±1.33 124 P <0.0001 P =0.0023 
 
3 FF 15.51±0.73 75 
 
P =0.3881 
  ADR 33.69±1.13 118 P <0.0001 P =1 
 
4 FF 15.92±0.79 103 
 
P =1 
  ADR 34.51±1.10 114 P <0.0001 P =1 
 
5 FF 14.26±0.55 73 
 
P =1 
  ADR 30.45±0.97 190 P <0.0001 P =0.2498 
 
6 FF 18.46±0.96 169 
 
P =0.2694 
    ADR contaminated       
N2 1 FF 16.18±0.53 93     
  ADR 30.14±1.10 118 P <0.0001 
 
 
2 FF 13.00±0.33 116 
      ADR 30.75±0.85 110 P <0.0001   
pink-1(ok3538) 1 FF 12.66±0.53 88   P <0.0001 
  ADR 25.81±1.21 114 P <0.0001 P =0.2958 
 
2 FF 13.84±0.36 95 
 
P =0.5625 
    ADR 29.33±0.75 121 P <0.0001 P =0.8432 
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pdr-1(gk448) 1 FF 15.03±0.53 88   P =0.5026 
  ADR 26.30±0.87 112 P <0.0001 P =0.0118 
 
2 FF 14.94±0.38 97 
 
P =0.0007 
    ADR 30.86±0.78 125 P <0.0001 P =1 
Mean lifespan is represented for each replicate.  
  Notes: P-value compared to a-own FF condition, b-to the matching control FF or ADR condition. 
 
Table A.4: Mean Lifespan of independent replicates in Chapter 6 
Treatment Replicate Experiment Mean Lifespan (±SE days) # Worm P-value(a) P-value(b) 
L4440 RNAi 1 FF 21.23±0.55 86     
  ADR 34.84±1.40 25 P<0.0001 
 
 
2 FF 19.49±0.93 39 
  
  ADR 33.07±1.47 27 P<0.0001 
 
 
3 FF 17.68±0.59 61 
  
  ADR 37.78±1.72 59 P<0.0001 
 
 
4 FF 21.09±0.55 76 
  
  ADR 38.98±0.98 92 P<0.0001 
 
 
5 FF 21.28±0.62 67 
      ADR contaminated       
cbp-1 RNAi 1 FF 14.15±0.24 152 
 
P<0.0001 
  ADR 14.32±0.17 110 P=1 P<0.0001 
 
2 FF 13.98±0.31 91 
 
P<0.0001 
  ADR 13.05±0.15 132 P=0.0041 P<0.0001 
 
3 FF 12.46±0.21 65 
 
P<0.0001 
  ADR 12.96±0.20 82 P=1 P<0.0001 
 
4 FF 14.45±0.39 48 
 
P<0.0001 
  ADR 14.17±0.19 67 P=1 P<0.0001 
 
5 FF 14.10±0.34 59 
 
P<0.0001 
  ADR 14.82±0.22 86 P=0.3968 
 axe-5 RNAi 1 FF 21.09±0.54 91   P=1 
  ADR 28.70±0.95 47 P<0.0001 P=0.0009 
 
2 FF 17.03±0.75 32 
 
P=0.3323 
  ADR 32.20±1.84 66 P<0.0001 P=1 
 
3 FF 21.43±0.72 59 
 
P=0.0011 
    ADR contaminated       
bli-4 RNAi 1 FF 17.61±0.59 107 
 
P=0.0704 
  ADR 19.08±0.78 85 P=0.8583 P<0.0001 
 
2 FF 19.71±0.68 81 
 
P=1 
  ADR 22.16±0.89 103 P=0.0358 P=0.0004 
 
3 FF 16.63±0.57 72 
 
P=1 
  ADR 20.65±0.57 84 P<0.0001 P<0.0001 
 
4 FF 19.25±1.53 22 
 
P=1 
  ADR 19.62±0.60 71 P=1 P<0.0001 
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5 FF 21.76±2.13 25 
 
P=1 
    ADR 29.49±1.86 64 P=0.1088 
 cat-1 RNAi 1 FF 18.71±0.58 103   P=0.1294 
  ADR 35.78±1.99 28 P<0.0001 P=1 
 
2 FF 18.77±0.67 88 
 
P=1 
  ADR 33.08±1.75 40 P<0.0001 P=0.1967 
 
3 FF 16.00±0.94 26 
 
P=1 
  ADR 33.85±1.57 67 P<0.0001 P=0.4002 
 
4 FF 19.00±1.75 29 
 
P=1 
    ADR contaminated       
egl-3 RNAi 1 FF 25.54±0.33 117   P<0.0001 
  ADR 36.11±0.57 83 P<0.0001 P=1 
 
2 FF 24.69±0.53 91 
 
P<0.0001 
  ADR 34.15±0.78 71 P<0.0001 P=1 
 
3 FF 17.75±0.87 39 
 
P=1 
    ADR 33.35±1.74 46 P<0.0001 P=0.2391 
tdc-1 RNAi 1 FF 24.05±0.39 97   P=0.0014 
  ADR 39.40±1.02 58 P<0.0001 P=0.1259 
 
2 FF 22.09±0.47 73 
 
P=1 
  ADR 34.47±0.95 60 P<0.0001 P=1 
 
3 FF 16.32±0.65 40 
 
P=1 
    ADR 36.04±1.80 20 P<0.0001 P=1 
tph-1 RNAi 1 FF 23.03±0.48 103   P=0.0596 
  ADR 35.96±1.19 24 P<0.0001 P=1 
 
2 FF 22.36±0.57 78 
 
P=0.2887 
  ADR 35.94±0.92 85 P<0.0001 P=1 
 
3 FF 17.04±0.51 71 
 
P=1 
    ADR 36.03±2.12 51 P<0.0001 P=1 
unc-13 RNAi 1 FF 26.16±0.43 122   P<0.0001 
  ADR 37.63±0.84 65 P<0.0001 P=0.9185 
 
2 FF 20.70±0.76 74 
 
P=1 
  ADR 37.73±1.59 33 P<0.0001 P=0.4671 
 
3 FF 16.61±0.71 40 
 
P=1 
    ADR 32.87±2.26 37 P<0.0001 P=0.9561 
WT 
1 FF 19.62±0.89 40     
 ADR 38.56±1.67 77 P<0.0001 
 
 
2 FF 20.37±1.01 37 
 
P=1 
    ADR 34.82±1.56 66 P<0.0001 P=0.0281 
bli-4(e937) 
1 FF 14.96±0.59 68 
 
P=0.0061 
 ADR 19.92±0.81 109 P<0.0001 P<0.0001 
aex-5(sa23) 
1 FF 17.47±0.51 70 
 
P=0.6539 
 ADR 41.37±1.54 132 P<0.0001 P=1 
kpc-1(gk8) 
1 FF 23.42±0.74 49 
 
P=0.0821 
 ADR 43.94±2.16 53 P<0.0001 P =0.9487 
egl-3(ok979) 1 FF 27.09±1.52 46 
 
P=0.0011 
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 ADR 51.64±2.43 97 P<0.0001 P<0.0001 
cat-2(n4547) 
1 FF 19.32±0.56 90 
 
P=1 
 ADR 49.11±1.52 85 P<0.0001 P=0.0060 
tdc-1(n3420) 
1 FF 19.22±0.65 62 
 
P=1 
 ADR 39.42±1.67 90 P<0.0001 P=1 
tbh-1(n3247) 
1 FF 19.53±0.64 55 
 
P=1 
 ADR 59.52±2.00 85 P<0.0001 P<0.0001 
tph-1(mg280) 
1 FF 23.34±0.66 53 
 
P=0.0565 
 ADR 46.73±1.95 76 P<0.0001 P=0.0030 
eat-4(ky5) 
1 FF 19.50±0.33 70 
 
P=1 
 ADR 40.15±1.09 93 P<0.0001 P=1 
cha-1(p1152) 
1 FF 18.45±0.90 38 
 
P=1 
  ADR 36.51±1.52 64 P<0.0001 P=1 
Notes: P-value compared to a-own FF condition, b-to the matching control FF or ADR condition. 
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